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 Potential impacts to the global climate system, ocean and atmospheric 
circulation, sea levels, and the environment from dynamic changes in recent decades to 
the Greenland ice sheet have brought significant attention to two of Greenland’s larger 
outlet glaciers and fast moving ice streams, Jakobshavn Isbrae and Helheim Glacier.  
These changes include accelerations in surface ice velocity, and are related to a 
number of glaciological and physical processes, including increased calving, changes 
in ice stream margins, terminus retreat, and glacial thinning. While there is 
available data on current surface velocities for outlet glaciers in Greenland, 
including satellite-derived velocity measurements and ground-based observations, 
pre-1990 flow velocity field and structure estimates are not as widely available.   
 
This thesis study adopts a classic inventory-based approach and documents 
historical center-line and cross-sectional transect surface ice velocities through the 
analysis of pre-1990 satellite imagery.  Evaluating the baseline surface ice velocity 
data, in combination with surface velocity estimates, qualitative assessment of 
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imagery, and published research analyzing recent accelerations on Jakobshavn 
Isbrae  and Helheim Glacier, enables a multi-decadal investigation into glaciological 
and physical change.  This investigation fills in existing data gaps in the historical 
record of observed surface ice velocities by providing 20.0-30.0 km upstream 
centerline tracks of maximum surface velocity and numerous cross-sectional 
transects of surface velocities at Jakobshavn Isbrae and Helheim Glacier, confirms 
the pre-acceleration velocity structures on Jakobshavn Isbrae and Helheim Glacier, 
documents the changes to near-frontal surface velocity fields pre- and during, and 
post-acceleration, and documents multi-decadal frontal position changes of  thirteen 
notable outlet glaciers with varying dynamics in western and eastern Greenland.   
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1. Introduction 
 
1.1 Study Purpose and Merit 
 
Many outlet glaciers in Greenland have undergone dynamic changes on 
decadal and sub-decadal time-scales underscoring the potential impacts to the 
global climate system.  These changes have been observed as accelerations in 
surface ice velocity, and are related to a number of glaciological and physical 
processes, including increased calving and ice discharge, changes in ice stream 
margins, terminus retreat, and glacial thinning.   
 
Flow velocity of the more dynamic outlet glaciers in Greenland contributes to 
the overall mass balance of Greenland Ice Sheet (Joughin et al. 2004).  Marginal 
regions in of the Greenland Ice Sheet began to accelerate in a near-synchronous 
fashion beginning in the 1990’s (Bamber et al. 2007, Rignot and Kanagaratnam 
2006).  Research shows overall mass loss since 1990.  This overall regime is 
highlighted by periods of rapid terminus retreat and dynamic calving front 
behavior, the complete disintegration of floating ice tongues on certain outlet 
glaciers, mass calving events, and a dynamic imbalance between glacier velocity 
and upstream snow accumulation (Joughin et al. 2004, Benn et al. 2007, Thomas et 
al. 2009, Joughin et al. 2010, Johannessen et al. 2011).  Specific to variations in 
velocity, Luckman and Murray (2005) note that observed variations in velocity may 
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indicate a shift in the underlying dynamics of the glacier several years preceding 
significant increases in surface velocities and calving front retreat. 
 
Theories for acceleration of Greenland’s outlet glaciers range from deep ocean 
warming, acceleration and dynamics specific to the bed geometry of specific outlet 
glaciers, meltwater transmission to the bedrock promoting increased basal sliding, 
break-up of a floating ice front in turn reducing stresses on the upper portion of the 
glacier and promoting speed-up, an imbalance of forces at the calving front from 
glacial thinning leading to a significant non-linear response in the system, and 
acceleration due to weakening of the ice in the lateral shear margins (Hughes 1986, 
Zwally et al. 2002,  Joughin et al. 2004, Scambos et al. 2004, Pelto 2008, Thomas et 
al. 2009, Van der Veen et al. 2011).   
 
As the calving front of a marine-terminating outlet glacier retreats, there is a 
reduction in the amount of resistance that occurs along the glacial bed or channel 
walls.  This may promote greater buoyancy at the calving front, which in turn, is 
balanced by velocity increases and increases in longitudinal extension (Howat et al. 
2008).  At this point, the state of mass balance (a function of ice flux, melting, and 
calving rate) is the primary determinant of whether the ice stream will continue to 
retreat, remain stable, or resume advancing.  These dynamics of acceleration, 
retreat, and outlet glacier-specific bed topography compose a highly interrelated 
system (Howat et al. 2008, Joughin et al. 2008).   
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While there is available data on current surface velocities for outlet glaciers 
in Greenland, pre-1990 flow velocity field and structure estimates are not as widely 
available.  Therefore, documenting historical flow dynamics through the analysis of 
pre-1990 satellite imagery plays a role in understanding recent changes to sensitive 
glacier and ice sheet environments.  Analyzing this baseline surface ice velocity 
data, in combination with available research and/or the derivation of recent pre- 
and post-acceleration velocity field estimates on Jakobshavn Isbrae (2002) and 
Helheim Glacier (2002-2005), enables a multi-decadal investigation into 
glaciological and physical change.  Additionally, this investigation fills in some of 
the existing data gaps in the historical record of observed surface ice velocities on 
Jakobshavn Isbrae and Helheim Glacier.    
 
The thesis addresses the surface ice velocity estimates on dynamic outlet 
glaciers in Greenland by assessing historical optical satellite imagery and 
evaluating current research to better understand multi-decadal changes to flow 
regime and structure.  Specifically, this thesis is prompted by the research 
questions of determining annual and decadal-scale (select intervals from 1987-2005) 
outlet glacier surface ice velocities; inquiry on the resultant velocity estimates fit in 
the current scientific understanding of long-term velocity estimates and overall 
change to these environments; and inquiry on the relationship between variations 
in surface ice velocities and changes in  glaciological features (for example, outlet 
glacier margins, position of calving front, and flow structure). 
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Surface ice velocities are an important component of glacial systems and 
relevant to mass balance estimates, increases in longitudinal strain rates, dynamic 
thinning, and system-wide feedback enhanced responses.  While there has been 
significant research on recent fluctuations in speed on Greenland’s outlet glaciers 
and the decadal-scale variations in ice flow, pre-1990 estimates of ice velocities and 
structure on Greenland’s most dynamic ice streams are less widely available and 
researched.  The results of this study will contribute to the understanding of 
historic ice velocity structure and regimes with respect to the study areas.  
 
This study provides essential information that is necessary to fully 
understand the decadal-scale development of rapid changes to Greenland’s outlet 
glaciers.  For example, previous studies may only have provided a single, mean 
velocity estimate for the front position in the 1980’s.   Many historical data sources 
primarily consist of aerial photography and on-site measurements (Kollmeyer 1980, 
Higgins 1991).  Dwyer (1995) derived velocity estimates and terminus location for 
several glaciers, including Kangerdlugssuaq Glacier, using Landsat imagery in the 
late 1980s.  The Dwyer study was a point-estimate, regional inventory-based 
approach, rather than focusing on flow structure.  Other areas, for example in 
north-west Greenland, completely lack any historical velocities (Weidick 1995).  
Additionally, current research in the cryospheric sciences is partially concerned 
with ice-sheet-wide velocity mapping and linkages to outlet glacier ice dynamics 
and flow regime (Stearns et al. 2005).   
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Overall, the addition of this historical data to the published literature will 
facilitate a greater understanding of ice-sheet variability, decadal-scale changes in 
Greenland, and the overall response of this environment to climate change.  The 
additional velocity estimates and the multi-decadal analysis of changes in glacial 
features will assist researchers in the cryospheric and glaciological sciences in 
fostering a clearer understanding of the ice stream conditions before the onset of 
significant, observable fluctuations and change.   
 
1.2 Study Questions 
 
Several inquiries are essential for the development and conduct of this 
research, and are presented below:   
 
1) What are the centerline and transect velocity estimates of Jakobshavn 
Isbrae and Helheim Glacier in Greenland in the mid-1980s?   
 
2) How do the resultant velocity estimates fit in the current scientific 
understanding of long-term velocity estimates and overall change to these 
environments?    
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3) Utilizing decadal-scale imagery, data, and previous research, how do the 
variations in ice velocities correlate to observed glacial features (for example, outlet 
glacier margins, position of calving front, and center-line and cross-sectional flows)? 
 
1.2 Study Area 
 
The thesis study focuses primarily on two outlet glaciers/outlet glacier regions 
on the Greenland Ice Sheet (GIS).  These areas are chosen due to the documented 
changes in recent decades (Jakobshavn Isbrae, Helheim Glacier), as well as to 
provide a greater marginal research value to some of the lesser documented outlet 
glacier areas (Helheim, compared to the more heavily-researched Jakobshavn).   
 
Central West GIS:  Jakobshavn Isbrae 
East GIS:  Helheim Glacier. 
 
Located in central west Greenland near Ilulissat, Jakobshavn Isbrae (69° 10′ 
N, 49° 50’ W) is Greenland’s fastest glacier.  The main ice stream flows from the 
east/southeast and converges into a fast-flowing four kilometer wide stream which 
flows into the deep-channel Ilulissat Icefjord.  Now separated from the main ice 
stream, a slower-flowing tributary flows from the north.  Before the frontal retreat 
to the grounding line, the main ice stream and the smaller northern tributary 
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converged and the floating ice tongue extended over 15 km into Ilulissat Icefjord 
(Thomas et al. 2009). 
 
A series of smaller outlet glaciers including Equip sermia, Kangilerngata 
sermia, Sermeq kujatdleq and Sermeq avangnardleq extend along to the coast to 
the north of Jakobshavn Isbrae.  These outlet glaciers vary in rates of surface flow 
and historical accelerations (Rignot and Kanagaratnam 2006).  Further north, 
located on the western coast of Greenland to the north of Jakobshavn, Store Glacier 
is thought to be more stable with respect to front retreat and flow fluctuations, 
although it has a wide calving front and significant ice discharge between 13.2 – 
17.5 km3/yr. Store Glacier is one of a number of stable Greenland ice sheet outlets.  
Glaciers to the north of Store were analyzed for the comparative frontal position; 
these glaciers include Kangigdleq, Sermeq silardleq, Rink Isbrae, Umiamako 
Isbrae, and Ingia Isbrae. 
 
Helheim Glacier, located at 66° 21′ N, 38° 12′ W, to the south of 
Kangerdlugssuaq Glacier in southeastern Greenland, is notable for recent increases 
in surface velocities (8 km/yr in 2000 to 11 km/yr in 2005) and 5 km retreat of its 
frontal position (Howat et al. 2005, Rignot and Kanagaratnam 2006).  This outlet 
glacier is characterized by convergence of two upstream tributaries and a 5.0-7.0 
km wide main ice stream near the terminus.  Glaciers in the proximity of Helheim 
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Glacier, examined for the change in frontal position over time, include Fenris 
Glacier and Midgard Glacier. 
 
Another large outlet glacier in SE Greenland, Kangerdlugssuaq Glacier is 
located to the north of Helheim Glacier. The calving front of Kangerdlugssuaq 
Glacier is found at the grounding line preceding a steep elevational gradient 
upstream. This outlet glacier underwent significant changes from 1996-2006, 
including thinning and near-frontal position increases in surface velocities (Thomas 
et al. 2009). 
 
1.4 Study Data and Methods 
 
The thesis study utilizes imagery acquired by researchers at the University of 
Colorado-Boulder’s Cooperative Institute for Research in Environmental Sciences 
(CIRES), velocity data used in previous academic research, and estimates available 
in the current, published research.   
 
The method to derive surface ice velocity estimates involves image pre-
processing techniques such as image co-registration and enhancements, feature 
tracking through automated cross-correlation analysis and manually-operated 
estimates (automated and manually-derived estimates total approximately two-
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thirds of data generation and analysis).  Based on pixel displacement and accuracy 
assessment, historical center-line and cross-sectional velocities are produced.   
 
In some instances, qualitative, visual assessments are used to determine 
changes in glaciological conditions in the study time period.  
 
1.5 Contribution and Expected Significance 
 
The study of historical outlet glacier surface ice velocity structure on some of 
the most dynamic outlet glaciers in Greenland will contribute to the greater 
understanding of ice-sheet variability.   
 
Current, ongoing research in the cryospheric sciences is partially concerned 
with ice-sheet-wide velocity mapping and linkages to outlet glacier ice dynamics 
and flow regime (Stearns et al. 2005).  The derivation of velocity transects, beyond 
single point estimates of ice stream center-line velocities, and the multi-decadal 
assessment of changes to glacial features, will assist researchers in the cryospheric 
and glaciological sciences in fostering a clearer understanding of the ice stream 
conditions before the onset of significant, observable fluctuations and change.   
 
One overall contribution of this research is to address historical data “gaps”, 
specific to the period from 1985-1990, in the long-standing record.  The addition of 
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this historical dataset and analysis to the published literature will facilitate a 
greater understanding of ice-sheet variability and decadal-scale changes in 
Greenland. 
 
As evidenced by the discussion of assumptions and preliminary results, while 
there has been significant research on recent fluctuations in speed on Greenland’s 
outlet glaciers and the decadal-scale variations in ice flow, the pre-1990 spatially-
distributed estimates of ice velocity field and structure on Greenland’s most 
dynamic ice streams are less widely available and researched.  Often there are five- 
to ten-year gaps in the historical record. Another result of this study will be to 
contribute to the understanding of historical ice velocity structure, with respect to 
the study area.  
 
As mentioned previously, Rignot and Kanagaratnam (2006) examine glacier 
velocity and acceleration over time along the centerline and cross-section locations 
in Greenland.  One contribution of this study of outlet glaciers, in the historical 
context, is to document any decadal-scale historical difference in the documented 
velocity and flow structure (for example, consistent acceleration along center line, 
but previously unreported changes along the ice stream margins).   
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1.6 Arrangement of the Thesis  
 
 The thesis is organized as an extensive literature review of Jakobshavn 
Isbrae and Helheim Glacier, followed by an overview and discussion of feature 
tracking methods.  Outlet glacier surface ice velocity estimates, consisting of center-
line and cross-sectional flow rates are presented in order from historical baseline 
data in the mid-1980’s, followed by velocity estimates during the specific periods of 
acceleration for Jakobshavn and Helheim Glacier.  This is followed by a discussion 
on the qualitative assessment of velocity over time and physical changes to the 
glaciers. 
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2. Review of the Literature 
 
2.1 Geography of Greenland Outlet Glaciers  
 
2.1.1 Overview 
 
The Greenland Ice Sheet (GIS), covering over 1.70 million km2 with an 
average altitude of 2,125 m, contains approximately 8% of the global total glacier 
volume (Abdalati and Krabill 1998).  With a volume of 2.85 million km3, the 
Greenland ice sheet contains the equivalent of a seven meter sea level rise 
(Marshall 2005).  With elevations in Greenland as high as 3,208 m at Summit, the 
ice sheet covers a range of dynamics from high elevation, low precipitation, and 
mass accumulation zones to coastal regions with very high localized precipitation 
(especially in southern Greenland) (Serreze and Barry 2005).  Over160 marine-
terminating outlet glaciers, with widths greater than 2 km, discharge ice from 
Greenland Ice Sheet (Joughin et al. 2008b)   
 
GIS covers a wide range of snow and ice classes.   Nolin and Payne (2007) 
classified glacier zones in Greenland by studying the relationship between near-
infrared albedo and surface roughness obtained by the MISR sensor between 2000 
and 2005.  This study utilized previously developed classifications of glacial zones 
(Benson 1962, Paterson 1994).  In the accumulation region, zones include a dry-
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snow zone (no surface melt), a percolation zone (refreeze of melt following 
percolation into snowpack), a wet-snow zone (characterized by high frequency of 
melt ponds and wet snow), snow line (defined as the lowest elevation that snow 
remains on the glacier surface) and superimposed-ice zone (refreeze of meltwater 
onto surface); and the ablation region contains the bare-ice zone, where all annual 
accumulation of snow and ice is fully melted.   
 
2.1.2 Geographic Regions and Notable Glaciers 
 
Northern Greenland, roughly above 72 N, can be divided into three 
geographic areas:  northeast corner, central north, and northwest corner.  The 
northeast corner consists of smaller land and marine-terminating outlet glaciers, as 
well as ice caps drained by multiple outlet glaciers.  Central northern Greenland is 
highlighted by Petermann Glacier, notable for large calving events in 2008 and 
2010, and Humboldt Glacier, the widest outlet glacier in Greenland.  Several 
glaciers in northwest Greenland have experienced frontal retreat in the past 
decade, including Tracy Glacier and Heilprin Glacier.  Along the margins of the 
Greenland Ice Sheet, there is considerable variation in flow patterns among 
glaciers:  from varying rates of flow along the western and eastern margins of 
certain ice streams, to variations in velocity near the terminus compared to 
upstream flows (with some glaciers flowing significantly faster upstream) (Weidick 
1995, Rigot and Kanagaratnam 2006, Joughin et al. 2010).  
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The geographies of Western Greenland include the northwest coast, central 
west coast (area around Jakobshavn Isbrae), and southwest coast.  There is 
significant variation in the terminal character of outlet glaciers from the north to 
south, with the south holding many land-terminating, slower glaciers.  Jakobshavn 
Isbrae, the fastest-moving glacier in the world, terminates along the central west 
coast.  Fast-moving ice streams may be identified by characteristic significantly 
wide, crevassed shear margins resulting from the fast-flow of ice interacting with 
surrounding ice of slower velocities (Herzfeld et al. 2004).  Several smaller outlet 
glaciers to the north of Jakobshavn, extending to Store Glacier have shown varying 
changes, from minor speed up to significant annual variation.  The southwest coast 
of Greenland is not characterized by accelerating outlet glaciers, although 
exceptions include acceleration on Narssap sermia and Russell Glacier (Weidick 
1995, Joughin et al. 2010). 
 
Eastern Greenland hosts a range of glaciological regimes: from the ice divide 
of the entire ice sheet, ice caps merging with the inner ice region, steep elevation 
gradients between the slower moving, higher elevation ice sheet and the higher 
velocity outlet glacier channels, to outlet glaciers flowing via lengthy, high elevation 
sub-glacial valleys.  Specific outlet glaciers in Eastern Greenland, notable for 
documented acceleration and some of the highest velocities worldwide, include 
Helheim Glacier and Kangerdlugssuaq Glacier (Weidick 1995, Rigot and 
Kanagaratnam 2006, Howat et al. 2008, Joughin et al. 2010). 
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2.1.3 Dynamic Changes and Surface Ice Velocity 
 
With respect to overall changes in the Greenland ice sheet, higher elevation 
locations in Greenland’s interior have been gaining in mass since 1992, while the 
lower elevations around the ice sheet margins have experienced significant melt 
and thinning (Abdalati and Steffen 2001).  With respect to mass balance estimates 
Greenland-wide, research indicates a mass balance loss of -78 km3/yr between 1991-
2000 and -82 km3/year from 2002-2004 (Barry 2006, Velicogna and Wahr 2005).  
From 2002-2009, the ice sheet experienced an accelerating nature of negative mass 
balance over time - doubling in its mass loss, exhibiting some level of seasonal 
variability overlaid upon a longer-term decline, with the largest changes found at 
the margins of the ice sheet (Velicogna and Wahr 2005, Velicogna 2009).  Ewert 
(2011), studying volume and mass changes via ICESat and GRACE from 2003-2008, 
found a pronounced seasonal component to mass balance change consisting of a 
maximum spring signal and a minimum in August-September.  On a regional basis, 
Howat et al. (2008) notes the importance of smaller glaciers and dispersed inland 
thinning to volume loss, as two of the largest glaciers in southeast Greenland 
(Helheim and Kangerdlugssuaq) only accounted for roughly 25% of the total loss 
from 2002-2005. 
 
 The determinants of surface ice velocity and observed variations seen on 
many outlet glaciers on the Greenland Ice Sheet can be linked to several factors.  
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Many Greenland glaciers have experienced acceleration, with fast-flowing ice 
mainly found in the clearly defined, narrower trunks of outlet glacier ice stream,   
and terminus retreat.  Velocity determinants and variation contributions include 
increases in basal lubrication from surface meltwater contributions, deformation of 
soft basal layers in the glacier, loss of lateral drag along the shear margins, and 
dynamic changes, such as increased calving rates, at the terminus resulting in the 
propagation of changes upstream.  Bed topography and sub-glacial hydrology serve 
as additional factors influencing an outlet glaciers overall velocity regime, as does 
longitudinal stress to correspond to flow-directional velocity gradients (Joughin et 
al. 2010, Andersen et al. 2011, Van Der Veen et al. 2011).  Additionally, Andersen et 
al. (2011) associate velocity variations with summer melting, positive degree days, 
and peaks in local temperature (up to 220% faster than the winter speed).  The 
above descriptive list is by no means exhaustive.  Many of these physical processes 
are interrelated and act as feedbacks on one another. 
 
Temporal variations in surface ice velocity observations have shown a 
general correlation with glacial thickening, thinning, and calving rates over the 
past several decades (Joughin et al. 2004, Wake et al. 2009).  Rapid ice thinning is 
shown to be associated with accelerated flow, with changes rapidly propagating far 
upstream from the terminus area (Howat et al. 2008).  In summary, there have been 
significant changes to Greenland’s outlet glaciers.  Observed changes in surface 
velocity is a key component to ice-sheet variability.  
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2.1.4 Theories on acceleration 
 
Theories for acceleration of Greenland’s outlet glaciers range from deep ocean 
warming, acceleration and dynamics specific to the bed geometry of specific outlet 
glaciers, meltwater transmission to the bedrock promoting increased basal sliding, 
break-up of a floating ice front in turn reducing stresses on the upper portion of the 
glacier and promoting speed-up, an imbalance of forces at the calving front from 
glacial thinning leading to a significant non-linear response in the system, and 
acceleration due to weakening of the ice in the lateral shear margins (Hughes 1986, 
Zwally et al. 2002,  Joughin et al. 2004, Scambos et al. 2004, Pelto 2008, Thomas et 
al. 2009, Van der Veen et al. 2011).   Research has shown that, specific to outlet 
glaciers, the magnitude of acceleration is extremely sensitive to the topography of 
the underlying bedrock (Sole et al. 2008). Additionally, Joughin et al. (2008b) notes 
the combined influence of fjord-based sikkusak (mélange of sea ice and icebergs) and 
the presence of open water seaward of iceberg clustering on calving rates and near-
calving front stresses.  The onset of the temporal period of floating ice tongue 
collapse, starting in the late 1990’s, was preceded by significant decline in winter 
sea-ice concentration in Disko Bay.  
 
The "Zwally effect", or meltwater transmission to the base of glacier and 
resultant promotion of basal sliding through reduced friction, is one hypothesis of 
the dramatic increases in velocity and flow in Jakobshavn Isbrae.  This was 
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observed to be the cause of seasonal acceleration in at locations in Greenland in 
1998 and 1999.  Further research has shown that rapid drainage of glacial lakes via 
moulins is a contributor to short-term changes in acceleration (would result in 
seasonal variation in velocities) but not does significantly affect the large-scale and 
long-term velocity regimes of larger ice sheets (Pelto 2008).    
 
Roberts and Long (2005) point to recent work suggesting basal melt rates 
account for up to 60% of the surface movement via basal motion, while deformation 
of the lowest 1,700 m of ice is thought to account for the rest of Isbrae’s high surface 
velocity.  Underneath Jakobshavn Isbrae, higher velocities are thought to have a 
significant relationship with ice viscosity, as above average and increasing ice flow 
velocities “encourage strain heating which, in turn, soften ice by lowering its 
viscosity” (Roberts and Long 2005, pg. 33).  Even more important to fast flowing ice 
(Kjaer et al. 2006), this increases ice/bed decoupling and promotes basal sliding 
(Roberts and Long 2005, Kjaer et al. 2006).   
 
The “Jakobshavn effect", or a small imbalance of forces producing a 
“substantial non-linear response” (Pelto, 2008), is hypothesized as another 
mechanism for rapid acceleration and thinning.  Dynamic imbalances in the 
neighborhood of the calving front propagate up-stream.  Ice sheet thinning promotes 
greater buoyancy at the calving front resulting in a reduction in friction which in 
turn promotes increase in velocity.  In what is referred to as “backforce reduction”, 
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the reduction in resistance is propagated up-stream.  This hypothesis is supported 
by the data showing a lack of seasonal velocity changes in the neighborhood of the 
calving front and propagation of increased surface velocities upstream (Pelto 2008, 
Joughin et al 2004).   
 
However, referencing the Zwally effect, Luckman and Murray (2005) 
presented evidence for a seasonal variation in surface velocity as early as 1995 at 
Jakobshavn Isbrae.  Additionally, on the same ice stream, Joughin et al. (2008a) 
note the late-1990’s emergence of seasonal variation in flow up to 1 km/yr roughly 4 
km from the calving front.  These observed variations may indicate a shift in 
underlying dynamics of the glacier several years preceding significant increases in 
surface velocities and retreat of the calving front (Luckman and Murray 2005). 
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2.2 Overview of Jakobshavn Isbrae 
 
2.2.1 Overview and Description of Flow Regime 
 
Jakobshavn Isbrae, or Sermeq Kujalleq in Greenlandic, may be the most 
documented and well-researched case of recent dynamic changes in Greenland.  
Discharging 35 billion tons of ice annually, Jakobshavn Isbrae is Greenland’s 
largest outlet glacier, fastest moving ice stream, and is the largest drainage basin 
on the western side of Greenland (Joughin et al. 2008).  A significant factor in 
Greenland’s mass balance, Jakobshavn Isbrae is estimated to drain approximately 
6.5-7% of the entire Greenland ice sheet (Joughin et al. 2004, Korona et al. 2009).  It 
is estimated that Jakobshavn Isbrae contributed about 4% of the 20th century rate 
of sea-level rise.  Discharge in the calving region, situated in U-shape bedrock 
topography (1,200 m deep at calving front), is an important aspect of the mass 
balance (Abdalati and Krabill 1999, Roberts and Long 2005).   
 
Jakobshavn Isbrae can be characterized by a dynamic distribution of ice flow 
velocities and flow regimes extending far upstream from the front position.  Surface 
velocities can vary within short proximities, such as at the margins of faster flowing 
topographically routed ice and slower ice regions to the north and south of the main 
ice stream.    Van der Veen et al. (2011) note the influence of bedrock topography to 
surface ice velocity, influence of wide-range of velocities and stretching on 
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longitudinal stresses, contribution of lateral drag closer to the terminus 
contributing to resistance in flow, and varying levels of basal drag (increase 
upstream to a maximum at 20.0 km from the calving front).  Nick et al. (2010) note 
seasonal variations in calving rates at Jakobshavn area to be associated with 
changes in rates of surface melt.  Eastward recession of the glacier through 
Jakobshavn Isfjord, pronounced retreat beginning in 2000, doubling of ice flow 
velocity at the frontal position, and thinning of the glacier especially at lower 
elevations has resulted in significant research to monitor and understand the 
dynamics of this fast flowing ice stream.   
 
The disintegration of Jakobshavn Isbrae’s floating ice terminus occurred 
post-acceleration and recession and the current, continued increases in surface ice 
velocity at Jakobshavn Isbrae are a partial result of the disintegration of the 
floating ice tongue. Additionally, in its current state, the outlet glacier experiences 
seasonal variations in velocity that are inversely correlated with the seasonal 
variations in length of the seasonally temporal floating ice tongue.  Over the past 
decade, the outlet glacier recessed far enough to produce two separate terminus ice 
streams (main east-to-west flowing ice stream and northern tributary as two 
separate streams).   
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Johnson et al. (2004) described six main regions of significant surface 
crevassing prior to the rapid disintegration of the floating portion of the ice stream 
terminus. This general flow regime can be found in Figure 1, illustrating conditions 
in September 1999.  A satellite image of the post-disintegration conditions in 2010 
can be found on page 26 (Figure 2).  
 
 
 
Figure 1.  Landsat 7 ETM+ imagery, from 09/1999, showing pre-acceleration flow regime on 
Jakobshavn Isbrae (path/row: 10/11; bands 4/3/2; acquired 09/11/1999). 
 
Region 1:  Rear grounding line of the main stream; primarily transverse crevasses. 
Region 2:  The base of an icefall at the head of the fjord; slower ice encountered 
faster ice to the north and south. 
Region 3:  Series of deep longitudinal crevasses termed “the Zipper”.  This feature 
was formed due to the transverse tension resulting from main ice stream’s thicker 
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ice forced against thinner ice on the northern margin (high fjord wall) and passing 
over the southern margins (low fjord wall).  
Region 4:  Area around “ice rumples”, with partially grounded ice in proximity to 
the south side of the calving front. 
Region 5:  Below the southern part of the ice stream, leading into an “ice lobe” area.  
This area experienced a completely loss of ice through and after acceleration. 
Region 6:  Calving front: transverse crevasses open and release large icebergs. 
 
The area near the pre-disintegration floating terminus calving front can be 
additionally characterized by certain flow regimes.  Johnson et al. (2004) described 
these areas based on analysis of the surface deformation patterns and fracture 
patterns of surface crevasses.  These include the transverse crevasses in the main 
section of the ice stream constrained by crevasses to the south and north, the area 
where the slower moving northern tributary enters the main ice stream, and lack of 
longitudinal extension of flow in the main ice stream with the exception of the 
calving front and the Zipper.   
 
2.2.2 Documented Surface Ice Velocities and Dynamic Changes 
 
With respect to historical point-velocity estimates at Jakobshavn Isbrae, 
measurements conducted in 1976 with theodolite, laser rangefinder and 
triangulation techniques resulted in estimates between 4.6 and 7.8 km/yr on the 
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southern portion of the main ice stream.  These include variations of 5.7 km/yr near 
slightly upstream at the base of the icefall (Region 2), 6.1 km/yr at the base of the 
north ice stream convergence zone, and between 6.7 - 7.8 km/yr near the calving 
front (Region 6).  These estimates were reported to be slightly higher than results 
obtained from the analysis of crevasse patterns via aerial photography in 1968 
(Kollmeyer 1980).   
 
While a pre-1990 surface ice velocity distribution and structure is not 
available, Joughin et al (2004) reported that between 1985 and 1992, surface 
velocities decreased on Jakobshavn Isbrae. The average speed of the glacier in 1985 
was approximately 6.7 km/yr.  By 1992, surface velocities in the ice stream had 
slowed to 5.7 km/yr and velocities remained near this level until 1997.  During the 
period of 1991 - 1997, significant thickening occurred below 1,100 meters in 
elevation (Joughin et al. 2004).  
 
Ice stream velocities increased to approximately 9.4 km/yr during the period 
between 1997 and 2000.  Again, flow velocities remained near this level through 
May 2001.  During a subsequent 60-day period, surface velocities increased to 10.0 
km/yr.  The trend of increasing flow velocities increased into the 2002 summer (11.9 
km/yr) and through the spring 2003 (12.6 km/yr) (Joughin et al 2004).  This 
coincided with a rapid eastward retreat of the calving front and eventually 
disintegration of the floating ice tongue.   
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Dynamic changes related to surface velocities, elevation change and melt 
trends continue to occur at Jakobshavn Isbrae (Figure 2).  Between 2003 and 2008, 
the catchment area of Jakobshavn Isbrae experienced significant decreases in 
surface elevation, with rates up to -2.0 m/yr (Joughin et al 2008b).  The 
disintegration of the floating ice tongue contributed to post-2003 regime of seasonal 
advance and retreat of the ice front (Figure 2) 
 
Between July 24 and August 4, 2007, data from the High Resolution 
Stereoscopic sensor (HRS) aboard SPOT 5 showed maximum velocities of 15.5 km/yr 
along the center line of the calving front and a 0.7 km retreat of the calving front.  
The region of fast-flowing ice significantly restricted to a 4 km wide channel where 
surface velocities ranged from 10.0 km/yr to 15.5 km/yr (Korona et al 2009).   
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Figure 2.  NASA’s EO-1 Advanced Land Imagery (ALI), from 2010, showing approximate current 
conditions of Jakobshavn Isbrae terminus (acquired 7/10/10).  Clearly shows disintegration of 
floating ice tongue and retreat (separate main ice stream, northern tributary, icefall region). 
 
Joughin et al. (2008b) present hypotheses on future evolution of Jakobshavn 
Isbrae. If conditions at the front of the ice stream are in a fixed regime, then 
conditions downstream may reach a new steady state within a number of years to 
N 
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several decades – with upstream conditions taking decades or centuries to reach to 
reach a new state.  A number of mitigating factors exist, from the uncertain nature 
of fixed conditions at the front of the ice stream to the elevation thinning and 
retreat moderating influences of significant, current lateral inflow due the late 
summer ice front being embedded in the ice sheet.    
 
Another hypothesis is the non-linear instabilities resulting from an 
assumption of continued loss in elevation of the ice stream could result in a retreat 
along the reverse bedrock slope of the deep trough.  This could place the ice front 
much further inland, although the process would be slowed by the lateral input of 
kilometer thick ice along the channel (Joughin et al. 2008b). 
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2.3 Overview of Helheim Glacier 
 
Helheim Glacier, located at 66° 21′ N, 38° 12′ W, to the south of 
Kangerdlugssuaq Glacier in southeastern Greenland, is the fastest flowing glacier 
along the eastern margin of Greenland (Howat et al. 2005).  The glacier is also 
notable for recent increases in surface velocities beginning in 2002 (8.0 km/yr in 
2000 to 11 km/yr in 2005) and 5.0 km retreat of its frontal position (Howat et al. 
2005, Rignot and Kanagaratnam 2006).  After the recent acceleration, mean surface 
ice velocities in 2007 and 2008 in the proximity of the Helheim Glacier terminus 
decreased to 7.0 – 9.0 km/yr.   
 
Located at the end of a branch of Sermilik Fjord, the large-scale structure of 
the glacier consists of two main tributaries that converge upstream of a main outlet 
glacier trunk situated in a 5.0 – 7.0 km wide fjord (Figure 3). This upstream 
convergence occurs at a terrain feature and results in a visible flow line.  This flow 
line covers a distance of roughly 15.0 – 20.0 km from the terrain feature to the 
calving front, depending on the imagery acquisition date.   Two smaller tributaries 
(approximately 1.2 - 1.5 km in width each) converge to the main ice stream from the 
south.  The fjord extends roughly 30.0 km from the entrance to the corresponding 
center-line location of the convergence of the two smaller southern tributaries.  In 
contrast to pre-acceleration conditions at Jakobshavn Isbrae, there is not an 
extended floating ice tongue at Helheim Glacier, although an extended floating ice 
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tongue may have been present on Helheim Glacier as late as 1965 (Howat et al. 
2005, Joughin et al. 2008).   
 
In contrast to other larger outlet glaciers with fast-flowing ice, such as 
Jakobshavn Isbrae and Kangerdlugssuaq Glacier, Helheim Glacier appears to be in 
a long-term trend of gaining, not losing mass, at least prior to the acceleration 
based on a study of ice sheet mass balance changes from 2000 - 2010 (Howat et al. 
2011).  There are several physically-based “stabilizing mechanisms” found at 
Helheim Glacier, differentiating it from Jakobshavn Isbrae’s lack of stabilizing (or, 
decelerating) mechanisms after the onset of acceleration.  This includes a bedrock 
topography promoting deceleration due to the grounding of an advancing ice tongue 
on a shoal.   
 
 
Figure 3:  Landsat ETM 7+ imagery, from 2000, showing conditions of Helheim outlet glacier 
pre-acceleration and retreat (acquired 08/15/2000). 
5 km 
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Other physical-based processes at Helheim Glacier include velocity increases 
related to variations in surface melt and calving related velocity increases since 
2000.  There are correlations between variations in runoff and ice velocity near the 
higher-speed frontal portion of the Helheim Glacier (Andersen et al. 2010). While 
velocity is determined by a number of factors, such as calving, surface melt 
variations function as an input to surface ice flow speed at Helheim Glacier -
although the sensitivity is low on the order of a 45% change in surface melt water 
produces a 2-4% change in surface ice velocity (Andersen et al. 2011).  Surface ice 
velocity sensitivity increases through the melt season and significantly lessens with 
greater distance from the calving front (measured from the calving front to 20.0 km 
upstream).   
 
Calving events and frontal retreat are also linked to glacial earthquakes at 
Helheim Glacier, as the retreat of the calving front at Helheim Glacier corresponded 
with a period of increased glacial earthquakes in the region.  Glacial earthquakes 
may result from two processes:  (1), due to slip of the main trunk of the glacier from 
force imbalances due to calving processes, and (2), movement of newly-formed 
calved icebergs out of the fjord towards the ocean (Joughin et al. 2008a).  Joughin et 
al. (2008a) hypothesize that slip-inducing frontal imbalances could result from 
decreases in basal or lateral resistance due to increase calving.   
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Like Jakobshavn Isbrae, the ice surface of Helheim Glacier is well-crevassed, 
with dynamic responses at the calving front to the formation of large crevasses or 
rifts.  Joughin et al. (2011) reports on an extensive rift (100 meters wide) forming in 
July 2004 about 0.5 km from the calving front; within three days, the calving front 
had receded back to the location of the rift.  The Helheim Glacier catchment area is 
well-defined, with nearly all surface-based meltwater being routed under the 
terminus. Andersen et al. (2011) notes the likelihood of the outlet glacier being 
nearly at flotation in the vicinity of the terminus.  High strain rates observed at 
Helheim Glacier, likely attributed to the constant winter and summer high 
velocities, provides evidence of a well-distributed, high pressured (especially in the 
glacial region near the calving front), drainage system, rather than a subglacial 
hydrology of a few main drainage channels..   
 
Andersen et al. (2011) quantify the sensitivity of glacier flow speed to change 
in surface melt at Helheim Glacier in two summer seasons (2007 - 2008).  While the 
research study found low sensitivity of velocity due to changes in meltwater (~45% 
change in meltwater produced a 2-4% change in velocities), the authors suggest a 
significant amount of water to be at the underlying bed, partially from high daily 
recorded surface ice velocities from 6.0 – 26.0 m/day at specific study sites.  The 
resulting friction could produce a large amount of basal water.   
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The velocity sensitivity increases with progression of the melt season and 
velocity sensitivity decreases moving upstream from the calving front.   Andersen et 
al. (2011) interprets this varying phenomenon as a result of changes in subglacial 
hydrology from varying volume of surface meltwater input.  This drainage of surface 
meltwater reaches the ice/rock interface through fracture propagation, therefore 
leading to enhanced basal sliding and increases in velocity.  The association 
between variations in the water pressure at the base of the glacier and flow speed 
variations support the physical process of separation of the glacier from the bed.   
 
Similarities between Helheim Glacier and Jakobshavn Isbrae include loss of 
terminus ice (grounded ice at Helheim Glacier and floating ice at Jakobshavn 
Isbrae) lessening stresses that cause resistance to flow, acceleration following 
retreat of calving front, and increases in longitudinal and lateral, or transverse, 
stresses to account for other lessening stresses.  Specific to Helheim Glacier, the 
calving front retreated during four consecutive years – corresponding, or resulting 
in, four consecutive years of increasing occurrences of glacial earthquakes.  Joughin 
et al. (2008) notes the possibility of these seismic events resulting from slippages of 
the glacier along the underlying terrain. 
 
With respect to the potential of century-scale retreat/advance cycle, during 
the consecutive years of acceleration Helheim Glacier retreated progressively into 
deeper water and stabilized after receded past an elevational low point on the 
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bedrock.  Based on a similar position of calving front in the 1930s and in 2006, 
Joughin et al. (2011) suggest that the rapid retreat was a partial response to 
preceding warming periods and points to a potential advance/retreat period  of 70 - 
80 years.   
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2.4 Overview of Feature Tracking Methods 
 
2.4.1 Overview 
 
The remote sensing of glaciers includes radar and laser altimetry, 
gravimetry, visible satellite imagery, ice-penetrating radar, microwave emission 
and backscatter analysis, and interferometric synthetic aperture radar (InSAR) 
(Abdalati and Steffen 1997, Abdalati and Krabill 1999, Dowdeswell et al. 1999, 
Cogley 2005, Howat et al. 2008, Li et al. 2008, Slobbe et al. 2008).  Observations of 
glacier ice motion and surface ice velocity are important to many research 
endeavors, including analyzing ice sheet mass balance (Ahn et al. 2010).  
 
 In this study, surface velocities are estimated using the automated and 
manual tracking of visible surface features and corresponding displacement 
between images separated by a specific time period.  For ice stream velocities, given 
the higher rates of flow and potential deformation of surface features in short time 
periods, success of a repeat-image feature-tracking approach is contingent upon 
using imagery from shorter time periods (weekly, monthly).  The higher likelihood 
of weaker correlation in surface features results with greater elapsed time between 
imagery.  
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2.4.2 Approaches 
   
2.4.2.1 Historical Imagery Analysis 
 
2.4.2.1.1 Image Quality and Co-Registration 
 
Both automated and manual pixel displacement techniques were used for the 
historical surface ice velocity data.  The historical imagery contained some warping, 
anomalies or unknown artifacts, and multi-directional offsets.  For example, in the 
Helheim Glacier image scenes, with respect to solid state, non-moving physical 
features, there were instances of image pair offsets one pixel in the downstream X-
direction, and sporadically in some proximity locations, one pixel in the Y-direction.  
Even after co-registration, and utilization of small image subsets, co-registration 
errors in the historical imagery remained.  The maximum error in the co-
registration was one pixel in X- and Y-directions. 
 
2.4.2.1.2 Automated and Manual Feature Tracking Techniques 
 
Given the anomalies, warping, and occasional multi-directional offsets in the 
historical imagery, automated techniques did not produced reliable results outside 
of a sporadically populated narrow width of the main ice streams in both 
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Jakobshavn Isbrae and Helheim Glacier.  Adjusting the parameters of the 
automated feature tracking algorithm did not significantly improve results.   
 
Thus, the manual approach was relied on to develop a more robust, populated 
data set and analysis of the cross-sectional and centerline surface ice velocities.  
This situation differs from the ideal outcome of a more population dataset stemming 
from the automated approach, and in turn, showing one limitation of the manual 
approach – a lower population data set.   
 
In this instance, although the automated approach was not successful to 
significantly populate the historical data set, point-based results gathered from the 
automated approach generally correlated with the manually derived velocity 
estimates.  While lower than surface velocities immediate to pre-acceleration 
estimates used in literature, the results from the manual approach generally 
correlated with the overall general regime of the pre-acceleration centerline track 
velocities at both Jakobshavn Isbrae and Helheim Glacier (with some differences to 
be discussed).  Additionally, the data correlated with single point estimates from 
that time period contained in the scientific literature. 
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2.4.2.1.3 Feature Tracking and Validation 
 
While the manual approach is time intensive, implicit in this process is a 
thorough qualitative analysis of the glacier surface flow regimes and physical 
features.  Following image pre-processing (see section 2.4.3), pixel displacement is 
recorded in the horizontal and vertical direction and converted into velocity 
estimates using time separate between images and pixel resolution.  Crevasses, 
surface features, and other “contrasted” features that maintained integrity over the 
image pairs were used to estimate pixel displacement.   
 
At each displacement measurement location, three to four other estimates 
were taken in its immediate proximity to serve as confirmatory data and validation.  
These confirmatory measurements most often agreed with the primary 
measurement.  When there was disagreement (on the maximum scale of one or two 
pixels, the most frequently occurring displacement was used as a final 
displacement. (For example, (X,Y) displacement:  6,1; 6,2; 6,1; 6,1; would produce a 
final displacement of 6,1).   This confirmatory step implies the three-to-four-fold 
number of pixel displacement measurement taken compared to the number of 
measurements that are displayed in the thesis data analysis and discussion.   
 
Additionally, the measurement tool, found in ENVI 4.8, was used an 
additional step to confirmation the total pixel displacement.   
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As often found with automated feature tracking techniques, excellent results 
were found along heavily-crevassed areas of ice.  The manual technique was more 
time-intensive at locations further upstream. 
 
2.4.2.1.4 Cross-Sectional Transects and Centerline Track 
 
Along the 2.5 km cross-sectional transect locations, along-transect point 
increments of 0.5 - 1.0 km were used to develop the cross-sectional transects in the 
historical imagery.  At Helheim Glacier, 2.5 km cross-sectional transect increments 
were formulated until approximately 20.0 km from the calving front.  At 
Jakobshavn Isbrae, 2.5 km cross-sectional transect increments were formulated 
until approximately 30.0 km from the calving front.  The point of maximum velocity 
along each cross-sectional transect was aggregated to produce a centerline track 
surface ice velocity.  The “geometric” centerline track, or the general mid-stream 
flow, was used to measure distance upstream from the calving front locations.   
 
2.4.1.4.5 Error 
 
As discussed above, co-registration errors in the historical imagery remained 
on the range of one pixel (maximum error in the co-registration was one pixel in X- 
and Y-directions).  With respect to the error in surface feature tracking and pixel 
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displacement measurement, given the steps taken to validate each displacement 
measurement (three to four measurements in proximity to transect point), this 
confirmatory process significantly reduces error associated with manual feature 
tracking measurements.  These confirmatory steps to validate each displacement 
measurement drastically lower errors outside the realm of co-registration.  Also, the 
measurement tool used in ENVI 4.8 eliminated error in measurements of total pixel 
displacement.  Further qualitative error-reducing techniques include monitoring 
the consistency of velocity magnitudes internal to the data set, as well as 
referencing single-point based measurements in other scientific literature.  
Additional steps to reduce error include ensuring the tracking of features in a 
downstream direction; simply put, ensuring the pixel displacement used to calculate 
velocity is in the observable direction. 
 
Williamson et al. (2008) discusses the potential for error in manual feature 
tracking due to the greater difficulty in routinely identifying surface features, as 
well as pointing out that largest component of any error is contained in co-
registration.  Given the higher quality and resolution of the 2002 imagery for 
Jakobshavn Isbrae, experiments with manual feature tracking were conducted to 
further explore feature tracking and pixel displacement measurement error.  
Results from experiments with manual feature tracking on the 2002 imagery 
matched very well with the displacement results from automated techniques used 
in the analysis.   
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For the historical imagery analysis, confidence in the resultant, raw pixel 
displacements are very high.  At Helheim Glacier, given the one pixel co-
registration error in the downstream X-direction, with varying occurrences of one 
pixel error in positive and negative Y-directions, a one-pixel reduction in the 
downstream X-directional for all pixel displacements was used to calculate and 
present surface ice velocities from the historical imagery analysis.  At Jakobshavn 
Isbrae, an error adjustment of one pixel in the downstream X-directional and one 
pixel in the positive Y-direction was applied. 
 
2.4.2.1.6 Examples of Manual Feature Tracking in the Literature 
  
 Examples of manual feature tracking techniques can be found in the 
glaciology literature.  While more commonly used before, or at the onset of, the 
development of automated feature tracking techniques (Luccitta et al. 1993, 
MacDonald et al. 1989), manual techniques are used in instances of poor automated 
feature tracking results due to changes in reflectance, absence of surface features, 
deformation of ice, and the occurrence of significant velocity gradients at the study 
location (Roush et al. 2003, Williamson et al. 2008).  Other rationale includes using 
manual feature tracking for validation or confirmation, and in instances when 
image pairs separated by a long-term period when stable feature may be found, but 
the integrity of many small-scale surface features (such as single crevasses) may be 
lost. 
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 Similar to this thesis study, Williamson et al. (2008) used both automated 
and manual approaches.  Williamson et al. (2008) used manual feature tracking 
techniques to examine iceberg calving rates from northern Ellesmere Island.  In 
examining iceberg calving rates, manual feature tracking was used because of poor 
results from automated feature tracking techniques due to changes in reflectance 
between image pairs and the lesser performance of automated techniques in the 
presence of significant velocity gradients.  In this study, manual feature tracking 
techniques were used to estimate the centerline track flow near the terminus.   
 
Mayer et al. (2006) utilized manual feature tracking approaches during 
research on the characteristics of the ablation zone at Baltoro Glacier, Karakoram, 
Pakistan.  Manual feature tracking was used to examine seasonal variability in 
surface ice motion over a two-year time period.  This approach used manual feature 
tracking to track very stable features, known as ice sails, which are single mounds 
of ice between 5.0 – 20.0 m in height.  Using ASTER image pairs, variations in 
brightness or contrast were used extract displacements.    
 
With respect to error, Williamson et al. (2008) and Roush et al. (2003) 
reference one pixel error in their analyses.  Copland et al. (2009), although using 
automated feature tracking through the analysis, also reference one pixel.   
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2.4.2.2 Acceleration Time Period Analyses and Discussion 
 
For the selection period of acceleration on Jakobshavn Isbrae (2002), surface 
ice flow velocities were estimated using the automated IMCORR RIFT algorithm, 
using Landsat 7 ETM+ panchromatic image pairs at 15 m resolution:  March 04, 
2002 and April 05, 2002.  Due to the heavily researched nature of this period of 
acceleration, only select cross-sectional transects and centerline flow velocity tracks 
were produced.   The primary discussion in this section is the change in velocities, 
flow dynamics, and calving front retreat.  Referenced literature on Jakobshavn 
Isbrae surface ice velocities includes Van der Veen et al. (2011) and Joughin et al. 
(2008).   
 
With respect to the period of acceleration on Helheim Glacier, surface ice 
velocity estimates for Helheim Glacier are referenced to the literature (Joughin et 
al. 2008, Andersen et al. 2011, Howat et al. 2005, and Howat et al. 2011).  The 
primary discussion here is changes in surface ice velocity and changes in frontal 
position.   
 
2.4.3 Image Pre-Processing 
 
To track small-scale surface features, such as crevasses, surface features 
must be enhanced.  Thus, the process to derive surface velocity estimates often 
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involves image pre-processing techniques such as image co-registration and image 
quality enhancements.  Scambos et al. (1992) describes a number of pre-processing 
techniques applied before feature tracking techniques are applied to the imagery – 
attempting to address the concerns of RIFT algorithm performance and eliminating 
the influences of large-scale topographic features on the variations in pixel 
brightness. Some of these pre-processing techniques include specific radiometric 
enhancements, such as basic linear and Gaussian contrast stretching.  These 
enhancements modify pixel intensity values to improve the contrast within an 
image.  In imagery with eight-bit radiometric resolution, the linear stretch modifies, 
or spreads, the original histogram over the full range of available intensity values:  
the lowest original image intensity value is now set to 0; the highest original image 
intensity value is not set to 255.  The Gaussian stretch enhancement modifies the 
original image histogram to a new shape – the non-skewed Gaussian distribution of 
values.  Gaussian stretch is useful if resultant image becomes too light or dark 
when using simple linear contrast enhancements. 
 
Another image modification is the high-pass filtering technique.  High-pass 
filtering removes slowly varying intensity values, or low frequency information, 
from the image to enhance areas of high frequency details (areas where intensity 
values change more over short distances.  An example of high frequency detail is 
near-frontal, heavily crevassed area on an outlet glacier.  This high-pass filtering 
technique is accomplished through subtractive smoothing – that is, subtracting a 
44 
 
 
smoothed image from the original image.  This is done by first generating a low-
pass filter (e.g., kernel size of five pixels) from the original image, then using the 
band math controls in ENVI to subtract the smoothed image from the original - and 
adding the remaining data back into the original imagery to further enhance the 
small-scale surface features.   
 
Another pre-processing technique discussed in Scambos et al. (1992) was 
principal component analysis (PCA).  While not included in the final presentation of 
the acceleration-period Jakobshavn Isbrae study, mainly due to the overall use of 
panchromatic (single band) imagery at 15 m resolution, it is still useful to discuss 
briefly.  PCA is used to minimize correlation between spectral bands and to extract 
features and information that are not apparent in the original data (maximizing 
information from each band).  Experiments with PCA on multi-band imagery 
produced thought-provoking results on flow lines in the southern area of the 
Jakobshavn ice stream that could be explored in future research.  
 
2.4.4 Standard RIFT Algorithms 
 
Automated repeat-image feature-tracking (RIFT) is an efficient technique to 
extract surface velocity measurements from repeat imagery (co-registered image 
pairs).  In general, this type of algorithm uses image-to-image matching based on 
the cross-correlation of variations of image intensity values (Ahn and Howat 2010).  
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IMCORR, the automated technique used in this study for estimating surface 
velocities for Jakobshavn Isbrae during a period of acceleration and dynamic 
changes (2002), uses an automated image-correlation algorithm based on a fast 
Fourier transform (“frequency” domain) version of a cross-covariance method 
(Bernstein 1983, Scambos et al. 1992, Scambos et al. 2004).  The National Snow and 
Ice Data Center hosts the IMCORR RIFT algorithm that may be used to obtain 
pixel displacement measurements between repeat-imagery (IMCORR Software 
2006).  User-defined inputs to the software include dimensions of search 
specification and specific offsets (direction of displacement) to improve the quality of 
results.  This search chip size may vary with expected displacement (slower 
velocities used a smaller search chip).  In matches between imagery, the IMCORR 
software outputs an estimate of displacement, correlation index, an approximate 
strength of correlation, and estimated error (IMCORR Software, 2006).   
 
This technique is based on comparing the intensity values of both images on 
a pixel-by-pixel basis by segmenting the two sets of images into smaller pixel 
subsamples, known as the reference and search chip.  In the first image, a square 
subset of pixels is extracted – this is the reference chip. This subset of pixels from 
the first image is sequentially compared to a larger, pre-defined complete subset of 
pixels in the second image, known as the search chip (Ahn and Howat 2010).  
During this process, the reference chip moves pixel-by-pixel within the search chip, 
producing a correlation coefficient between chips at each grid point where the 
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reference chip completely fits in the search chip.  In general, a stronger level of 
correlation is found to produce a higher quality and reliable displacement estimate.  
Using an automated repeat-image feature-tracking method, a two-dimensional 
horizontal velocity may be estimated by tracking the pixel displacement of visible 
surface ice features, often crevasses.  Displacement values are converted to velocity 
estimates based on spatial resolution of the imagery (e.g., 15 m., 30 m.) and the 
number of days separating the image sets (Scambos et al. 1992, IMCORR Software 
2006, Howat et al. 2008, Ahn and Howat 2010). 
 
Another RIFT algorithm is COSI-COrr (Co-Registration of Optically Sense 
Image and Correlation), developed at the California Institute of Technology (Ayoub 
et al. 2009).  COSI-COrr is an ENVI/IDL integrated (free plug-in) package that can 
be used to determined displacement using SPOT, ASTER, or aerial photography as 
inputs.   Initially, this tool was used to study ground deformation post-earthquake 
events, but the technology has since been applied to a variety of research endeavors, 
including the study of mountain glacier velocity variation and sand dune migration 
(Scheidt and Lancaster 2010, Herman et al. 2011).  Additionally, COSI-COrr allows 
the sub-pixel analysis of displacement, or offset.  This creates potential accuracy 
below the resolution of the image. 
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2.4.5 Limitations of Standard RIFT Algorithm 
 
Limitations of straight-forward RIFT-based algorithms include the inability 
to deal with missing or spatially discontinuous data (insufficient to analyze null-
value striped-data, or Landsat 7 ETM+ SLC-off imagery), inefficiencies in (or 
inability to) process large numbers of image pairs over differing regions (i.e. use 
during a large-scale study), and software, operating system, and computing barriers 
to the user.  Additional complications include difficulties inherent in standard 
RIFT-based algorithms, such as the trade-off between the reference chip and 
uniqueness of the resultant match.  With only one specific reference and search chip 
size during each individual operation of the algorithm, an “optimal” chip size will 
vary based on the properties of the image pair and physically-based proprieties 
(such as generally known speed of the glacier and time period between image 
dates).  Thus, the user may encounter a time-intensive approach of multiple 
processing operations and potentially-lengthy experimentation with different chip 
sizes and other variations of user defined inputs.  Similarly, the imagery usually 
needs to be pre-processed, based on the specific conditions at the site (e.g., ground-
based or cloud cover) to enhance surface features.  Again, this potential poses 
processing issues for research involving large amount of images over differing 
regions and varying conditions at image acquisition.  Additionally, post-processing 
tasks are necessary and include the filtering of incorrect matches.  
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2.5.6 Multi-Image/Multi-Chip RIFT Algorithm 
 
 A potentially more robust RIFT-based algorithm used to measure surface ice 
velocities is in development by Ahn and Howat (2010).  This algorithm is termed 
multi-image/multi-chip (MIMC) feature tracking and potentially offers a more 
efficient processing of larger image/data sets.  It uses multiple references chips of 
differing sizes for each image pair to produce pixel displacements, and resultant 
velocity fields, between five sets of filtered images.   The four primary components 
on this algorithm are automated, multiple image filters (enhancements), feature 
tracking using multiple reference chip sizes for each pair of images, physically-
based image co-registration (non-ice, stationary points), and global and neighbor 
filtering to remove spurious results.    
 
A standard, IMCORR-style RIFT is conducted on the basic unenhanced single 
band images.  For multi-band imagery, the Ahn and Howat (2010) algorithm 
generates a similar greyscale image from a principal component of the selected 
bands.  After this initial application of the standard RIFT algorithm, image and 
edge enhancements are performed to create additional images, with the final newly 
created image being a high-pass filtered, principal component-average image 
(again, suppression of large-scale topographical variations).  The MIMC algorithm 
uses multiple images, with multiple chip sizes, to increase the success rate and 
maximize low error pixel displacement outputs (Ahn and Howat 2010).     
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The goal of the multi-chip component of the MIMC process is to “reduce the 
uncertainty in the location of peak correlation and improve its general applicability 
over a wide range of surfaces” (Ahn and Howat 2010, pg. 3).  These multiple 
reference chips are integrated into a corresponding size search chip – the size being 
determined by time separation between images, hypothesized velocity, pixel size, 
and length of the square reference chip. Notably, MIMC can be applied to null-value 
striped imagery (e.g. SLC-off Landsat 7 ETM). In this process, the size of the 
reference chip is set to the value of the pixel width of the null strip, thus, avoiding 
the contribution of the null-value pixels to the estimates of correlations in spatial 
variation of intensity.  The final steps in the MIMC algorithm include the 
physically-based, non-ice, image co-registration and filtering of spurious results. 
The co-registration step minimizes displacement error and ensures accuracy of 
results.  Outliers or gaps in the data are smoothed using a 5x5 neighbor filter 
(assuming a certain level of gradation in the surface ice velocity regime) and, if 
necessary, an inverse-distance interpolation (Ahn and Howat 2010). 
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3 Outlet Glacier Surface Ice Velocity 
 
3.1 Historical Baseline Surface Ice Velocity Data 
 
3.1.1 Velocity and Frontal Position Data Sources and Approach 
 
Primarily, manual feature tracking techniques were employed for this 
historical analysis.  The approach used in this section on historical velocity 
estimates sought to maximize data points, validate velocity estimates through 
confirmatory data at proximity locations to each point, examine mainly 2.5 km 
cross-sectional transects, provide accurate centerline flow velocity tracks, and 
provide a built-in error to the presentation of the processed velocities (post-
generation of raw pixel displacements).   
 
In all, the analysis used surface ice velocity estimates derived from manual 
feature tracking, surface ice velocity estimates derived from automated feature 
tracking, surface ice velocity estimates extracted from the available research, and 
the synthesis of all three data types.  This hybrid approach is discussed in more 
detail in Chapter 2. 
 
The satellite imagery historical analysis was captured by Landsat 5 Thematic 
Mapper (spatial resolution of 30 meters and temporal resolution of16 days) between 
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August 11, 1987 and October 11, 1987.  The imagery was acquired and distributed 
via the European Space Agency’s Committee on Earth Observation Satellites (ESA 
CEOS).  The data are a level 4 product and have been Level 1G SYS corrected, 
accounting for radiometric and geometric accuracy.  There are missing data in some 
of the evaluated imagery, from speckles to 10 pixel width lines, although the latter 
is infrequent.  
 
The raw imagery contained some warping and imagery distortion.  
Minimizing error in co-registration between image pairs was accomplished by using 
offsets to the entire image scene through linking of images, co-registration through 
ground control points, and experimenting with isolating an identical region of 
interest (ROI) from each individual image and adjusting for the imagery offset to 
best align the images for displacement analysis.   
 
Pre-processing techniques followed the discussion contained in Chapter 2.  
The use of image enhancements to best isolate surface features varied - from using 
simple linear contrast stretching to illustrate crevasses near the calving front, to 
the use ENVI operations such as equalization and square root enhancements on the 
smoother, less crevassed, further upstream ice surface.  Other pre-processing 
included high-pass filtering techniques to best extract high contrast small-scale 
surface features. 
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Examples of ice surface features tracked in conducting the manual feature 
tracking technique included longitudinal and transverse crevasses, uniquely-shaped 
crevasses maintaining integrity through the image pair, and along-flow or cross-
sectional flow surface marking further upstream.  Each displacement estimate was 
validated at three to four immediately neighboring surface features. 
 
Additionally, the pixel displacement measurement and reporting at single 
points builds in an incremental error of up to a one pixel in downstream X-direction 
in Helheim Glacier imagery, and a one pixel to both X- and Y-directions at 
Jakobshavn Isbrae.   The reader can reference the discussion in Chapter 2 for more 
detail on manual feature tracking techniques, validation, error, and a summary 
review of manual feature tracking techniques found in the glaciology literature. 
 
 Surface velocity and 1987-2011 frontal positions were analyzed on the 
following two primary outlet glaciers (1987 image pairs listed below): 
 Jakobshavn Isbrae: 09/02/1987; 09/18/1987.  
 Helheim Glacier:    08/11/1987; 08/27/1987. 
 
1987-2011 frontal positions were analyzed for the following secondary, 
smaller outlet glaciers: 
 Eqip sermia:  09/02/1987. 
 Kangilerngata sermia: 09/02/1987. 
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 Sermeq kujatdleq:  09/02/1987. 
 Sermeq avangnardleq: 09/02/1987. 
 Store Glacier:  09/02/1987.  
 Kangigdleq:  09/02/1987 
 Sermeq silardleq:  09/02/1987. 
 Rink Isbrae:  09/14/1987. 
 Umiamako Isbrae: 09/14/1987. 
 Ingia Isbrae:  09/14/1987. 
 Fenris Glacier:  08/11/1987. 
 Midgard Glacier:  08/11/1987. 
 
3.1.2 Helheim Glacier and Discussion 
 
The August 1987 image pairs contain a minor difference in the location of the 
calving front.  While approximately the exact same position along the direct 
centerline, the portion of the calving front south of mid-stream width shows a slight 
inward deepening of approximately 0.25 km in 08/27/1987 imagery (latter image in 
the pair).  This is likely in response to the formation, and calving back, of two-three 
large crevasses visible in the 08/11/1987 imagery.  During the temporal lag of 16 
days, the front calved back to the position of the 0.50 km wide rifts/crevasses.  With 
respect to the time period immediately preceding acceleration at Helheim Glacier, 
the position of the 08/11/1987 calving front was approximately 1.5 km west, or 
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upstream/up-fjord, of the 08/15/2000 pre-acceleration imagery.  The following figure, 
Figure 4 visualizes the cross-sectional transects (based on 2.5 km increments 
approximately 20.0 km upstream from calving front) used to derived the surface ice 
velocities during the August 1987.  The first transect in the proximity of the calving 
front is located approximately 1.0 km from the front, although it is referenced and 
placed as a “0 km” marker, as all the ice east of this position calved in the temporal 
span between image pairs.   
 
 
Figure 4:  Cross-sectional velocity transects (2.5 km increments, gray).  Landsat 5 TM imagery of 
Helheim Glacier, August 1987 (path/row: 233/13; bands 4/3/2; acquired 08/11/1987).   
 
Figure 5 shows the location of the centerline velocity track, or track of 
highest surface velocities.  Distances from the front were measured along a 
“geometric” centerline, not as direct point-to-point distances. The cross-sectional 
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transects were measured from the northern margin of the main ice stream to the 
southern margin.   
 
 
Figure 5:  Centerline velocity track (white, overlaid on 2.5 km increments).  Landsat 5 TM imagery of 
Helheim Glacier, August 1987 (path/row: 233/13; bands 4/3/2; acquired 08/11/1987).  
 
Cross-sectional surface ice velocities were derived at eleven transects (1.0-
20.0 km upstream from calving front, including two transects on smaller 
southwestern tributary).  To illustrate flow dynamics, cross-sectional transects from 
2.5 km, 5.0 km, and 7.5 km  are presented, along with the transect location on an 
August 1987 image of Helheim Glacier.  Figure 6 illustrates the cross-sectional 
transects at 2.5, 5.0, 7.5, and 10.0 km from the August 1987 calving front.   
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Figure 6:  Cross-sectional velocity transects:  2.5 km, 5.0 km, and 7.5 km upstream from August 
1987 calving front.  Measured from the Helheim Glacier northern margin, see Figure 7. 
 
The maximum surface velocity of approximately 8.2 km/yr was found on the 
southern portion of the heavily-crevassed area of ice along the geometric centerline.  
The centerline of maximum flow increases directly upstream along the slightly 
southern portion of the heavily-crevassed area in the center of the ice stream (2.5 
km transect:  8.2 km/yr; 5.0 km transect:  6.5 km/yr, 7.5 km transect: 5.9 km/yr).  In 
the 2.5 – 7.5 km area, the margins of the main ice stream are well-confined within 
the walls of the fjord (Howat et al. 2005), producing this area of consistent flow.  
The resistance of the margins can clearly be seen with the lower peripheral 
velocities. At 5.0 km upstream, the centerline velocity signal is clear in this 
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example, showing a higher velocity along the heavily crevassed area of the ice 
stream.  Slower moving ice along both lateral margins is also apparent. At 
approximately 7.0 km upstream, the cross-sectional transect intersects a small 
tributary flow of slow moving ice.  The 7.5 km transect does not include velocities 
from the smaller tributary.   
 
 
Figure 7:  Highlighted cross-sectional velocity transects (2.5 – 7.5 km, 2.5 km increments, gray) used 
in Figure 6.  Landsat 5 TM imagery of Helheim Glacier, August 1987 (path/row: 233/13; bands 4/3/2; 
acquired 08/11/1987).   
 
Figures 8 and 9 show main stream cross-sectional velocities at 10.0 and 12.5 
km, with transects highlighted on visual satellite imagery (not all data points 
included on 10.0 km transect for illustrative purposes).  At approximately 10.0 km 
the ice stream begins to shift to a more northwest to southeast flow and also widens 
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significantly.  Here, the cross-sectional flow is not perfectly symmetrical, as the 
transect points under the immediate influence of the main ice stream show higher 
rates of flow than the southern transect points east of the convergence zone between 
the main ice stream and the smaller southwest stream.  Just west of the 12.5 km 
upstream transect, the main ice stream convergences with the smaller ice tributary 
from the southwest.  While centerline maximum velocities are approximately equal 
in both transects (5.5-5.66 km/yr), the 10.0 km transect shows higher stream wide 
velocities along the center, heavily-crevassed portion (> 5.0 km/yr), whereby the 
velocities on the 12.5 km transect decrease more rapidly from the maximum.   
 
 
Figure 8:  Cross-sectional velocity transects:  10.0 km and 12.5 km upstream from August 
1987 calving front.  Measured from the northern edge of Helheim Glacier main stream, see Figure 9. 
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Figure 9:  Highlighted cross-sectional velocity transects (10.0 – 12.5 km, 2.5 km increments, gray) 
used in Figure 8.  Landsat 5 TM imagery of Helheim Glacier, August 1987 (path/row: 233/13; bands 
4/3/2; acquired 08/11/1987).   
 
At 15.0 km, 17.5 km, and 20.0 km upstream, the cross-sectional transects 
illustrate the slow decline in velocities further upstream.  Velocities are fairly 
steady along the cross-section, not falling off rapidly at a maximum.  Figures 10 and 
11 shows main stream cross-sectional velocities at 15.0 km (4.4 km/yr max.); 17.5 
km (3.7 km/yr max.), and 20.0 km (3.4 km/yr max.), with transects highlighted on 
visual satellite imagery.  The centerline maximum velocity is concentrated to the 
southern portion of mid-stream flow. 
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Figure 10:  Cross-sectional velocity transects:  15.0 km, 17.5 km, and 20.0 km upstream from 
Helheim Glacier, August 1987 calving front.  Measured from the northern margin of main stream, 
see Figure 11. 
 
While not a formal transect, cross-sectional flow between 12.5 -15.0 km 
upstream at the convergence between the main and southwestern tributaries may 
be described as follows:  slower ice near lateral terrain feature in the proximity of 
the convergence zone easily visualized, with velocities increasing towards the 
centerline maximum velocity, then transecting an area of highly crevassed surface 
ice onto the northern lateral edges of the ice stream. 
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Figure 11:  Highlighted cross-sectional velocity transects (15.0 – 20.0 km, 2.5 km increments, gray) 
used in Figure 10.  Landsat 5 TM imagery of Helheim Glacier, August 1987.  
 
Overall, velocity measurements result in a maximum, error-adjusted 8.2 
km/yr flow speed within 2.5 km of the August 1987 calving front and 9.6 km/yr at 
1.0 km upstream.  This result is well-situated in the range of 2000 velocities 
reported by Howat et al. (2005).  The 9.7 km/yr velocity within 1 km of the calving 
front correlates with the 1996 near calving front velocities reported by Rignot and 
Kanagaratnam (2006).  While Howat et al. (2005) include pre-acceleration velocity 
estimates from October 2000, the reported estimates begin roughly 2.5 km from the 
calving front.  These near frontal velocity data are also excluded in the November 
2000 reporting by Rignot and Kanagaratnam (2006).    
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Figure 12 visualizes a topographic/contour rotational distribution of surface 
ice velocities for the main ice stream (excluding SW tributary and transects), plotted 
by the width of the main stream and distance from the calving front.   
 
 
Figure 12:  Contour rotation view of the distribution of surface ice velocities by distance from calving 
front and stream width.  Based on feature tracking with image pairs, Helheim Glacier, August 1987.  
 
This perspective allows the viewer to gain a simultaneous view of both the 
cross-sectional and centerline flow.  The rotational view clearly shows the increase 
Velocity (km/yr) 
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in velocity and steepening of the velocity gradients towards the terminus.  Similar 
to Howat et al. (2005) presentation of pre-acceleration surface ice velocities at 
Helheim, this rotational view illustrates the peak mid-stream near calving front, 
general upstream moderation in flow, with slight fluctuations beginning at further 
points upstream.  This view also shows the wide distribution of 3.0 – 5.0 km/yr 
surface velocities, contrasted with the concentrated, mid-stream and upstream 
extension of 5.0 – 6.0 km/yr as far as 12.5 km upstream.   
 
 
Figure 13: Plot of maximum error-adjusted surface ice velocities by 2.5 km increment/transect; 
Helheim Glacier, August 1987.  
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Figure 13 illustrates the maximum surface ice velocities by 2.5 km increment 
upstream at each transect.  An overlay of the trajectory of this centerline velocity 
can be seen in Figure 5.  For reference, a surface velocity chart from Howat et al. 
(2005) showing velocities from 2000-2005 is presented to show general correlation 
with the pre-acceleration velocities found in 2000 (Figure 14) 
 
 
Figure 14:  Howat et al. (2005, pg. 3) reporting of pre-acceleration and acceleration period 
approximate centerline velocities on Helheim Glacier (2000 plotted in blue). 
 
  While the position of the 1987 calving front was offset from the 2000 calving 
front position by 1.5 km, notice the similarities in the plot of centerline maximum 
surface velocities to Figure 14, similarities in velocities less than 5.0 km from the 
front, the moderating, steady velocities upstream, and gradual decline of surface 
velocities approaching 20 km.  The signature of the pre-acceleration velocities 
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(2000) found in Howat et al. (2005) can be clearly seen in these results, reinforcing 
the credibility of the approach to derive velocities, results, and discussion on error.   
 
3.1.3 Jakobshavn Isbrae and Discussion 
 
Like Helheim Glacier, the September 1987 image pairs contain a minor 
difference in the location of the calving front.  The September 18, 1987 calving front 
is located approximately 0.25 km to the west of the September 2, 1987 front (Figure 
15).  Figure 15 shows Jakobshavn Isbrae as of September 1987.  Notice the 
exemplary pre-acceleration before deterioration of the terminus:  the uninterrupted 
northern tributary converging with the main ice stream and the lack of visible 
lateral rifts.   
 
With respect to the time period immediately preceding acceleration at 
Jakobshavn Isbrae, the position of the 09/02/1987 calving front was approximately 
2.25 km east, or upstream/up-fjord, of the 09//1999 pre-acceleration imagery.  
Figure 15 visualizes the twelve cross-sectional transects (based on 2.5 km 
increments approximately 30 km upstream from calving front) used to derived the 
surface ice velocities during September 1987.   
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Figure 15:  Cross-sectional velocity transects (2.5 km increments, white).  Landsat 5 TM imagery of 
Jakobshavn Isbrae, September 1987 (path/row: 10/11; bands 4/3/2; acquired 09/02/1987) 
 
 
Figure 16:  Centerline velocity track (red, overlaid on 2.5 km increments).  Landsat 5 TM imagery of 
Jakobshavn Isbrae, September 1987 (path/row: 10/11; bands 4/3/2; acquired 09/02/1987) 
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Figure 16 shows the location of the centerline maximum velocities overlaid on 
the 2.5 km incremental cross-sectional transects, with Figure 17 illustrating the 
maximum ice stream velocities by incremental distance from the front.  Distances 
from the front were measured along an approximate “geometric” centerline, not as 
direct point-to-point distances. The cross-sectional transects were measured from 
the northern margin of the main section of the ice stream to the southern margin 
(some near-frontal data points reflect convergence with the northern tributary, 
further upstream, the stream width is narrowed).   
 
Results based on feature tracking analysis of September 1987 imagery on 
Jakobshavn Isbrae ice stream indicate a maximum surface velocity less than 1 km 
from the calving front, with a “u-shape” fluctuation and increase in velocities to 
approximately 10.0 - 12.5 km upstream where the surface velocity approaches the 
speed at the calving front.  Surface velocities range between 5.6 – 6.8 km/yr within 
15 km of the front.  These steady velocities from the frontal position are in contrast 
to the dramatic acceleration in the proximity of the terminus in subsequent periods 
of acceleration (Joughin et al. 2004).   
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This historical velocity regime is mirrored in the reported mid-1990’s 
velocities by Rignot and Kanagaratnam (2006) and fall within the 1985 reported 
velocities of 6.3 - 6.5 km/yr (Joughin et al. 2004, Korona et al. 2009), although there 
does appear to be a marginal increase in velocities during the study time period.  
The position of the calving front is fairly consistent with imagery as late as 1999.   
 
 
Figure 17:  Plot of maximum error-adjusted surface ice velocities by 2.5 km increment/transect; 
Jakobshavn Isbrae, September 1987.  
 
Velocities estimated along the main stream, extending from 10.0 - 30.0 km 
upstream, yielded consistent results.  At 10.0 km upstream, velocities ranged from 
5.8 - 6.8 km/yr.  In the vicinity of the current grounding line, approximately 15.0 km 
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upstream from the September 1987 front,  or the position of the present day front, 
maximum flow was measured to be 5.6 km/yr.  Around 25.0 km upstream, surface 
ice velocity was approximately 3.9 km/yr, consistent with the mid-1990’s reporting 
by Rignot and Kanagaratnam (2006). Well inland, about 30.0 km upstream, 
velocities across the width of stream ranged from 0.7 – 1.9 km/yr.   
 
Figure 18 visualizes a topographic/contour rotational distribution of surface 
ice velocities for the main ice stream, plotted by the width of the main stream and 
distance from the calving front.   
 
This perspective allows the viewer to gain a simultaneous view of both the 
cross-sectional and centerline flow, as well as the distribution of velocities by 
distance from the calving front.  The rotational view clearly shows relatively similar 
near-terminus velocities west of the rear grounding line and steepening of the 
velocity gradients towards the terminus.  This rotational view illustrates the peak 
mid-stream approximately 10.0 -12.5 km upstream, general upstream decline in 
flow rates between 12.5 – 22.5 km, and minor fluctuations approximately 25.0 km 
upstream.   
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Figure 18:  Contour rotation view of the distribution of surface ice velocities by distance from calving 
front and stream width.  Based on feature tracking with image pairs, Helheim Glacier, August 1987.  
 
Figure 19 illustrates the maximum surface ice velocities by 2.5 km increment 
upstream.  An overlay of the trajectory of this centerline velocity can be seen in 
Figure 16.  Reference the surface velocity chart from Rignot and Kanagaratnam 
(2006, pg. 3.) reporting of pre-acceleration and acceleration period approximate 
centerline velocities on Jakobshavn Isbrae.  Comparison reflects a general 
correlation with the pre-acceleration velocities found in 1995.  In both Figure 19 and 
in the reference literature, note the “u-shape” of maximum surface velocities 10.0-
15.0 km upstream from the font 
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Cross-sectional surface ice velocity transects were derived at twelve transects 
in 2.5 km increments up to 30 km upstream from the calving front.  To illustrate 
near front flow dynamics, cross-sectional transects from 2.5 km (6.2 km/yr max.); 
5.0 km (6.3 km/yr max.); 7.5 km (6.5 km/yr max.); and 10.0 km (6.8 km/yr max.) are 
presented, along with the transect location on a September 1987 image of 
Jakobshavn Isbrae.  Figure 19 illustrates the cross-sectional transects 2.5 - 10.0 km 
from the September 1987 calving front.   
 
 
Figure 19:  Cross-sectional velocity transects:  2.5 km, 5.0 km, 7.5 km, and 10 km upstream from 
Jakobshavn Isbrae September 1987 calving front.  Measured as approximate stream width (N-S), see 
Figure 20. 
 
(km) 
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Aside from a peak surface velocity along the calving front, the maximum 
surface velocities in the four cross-sectional velocities were found in the vicinity of 
The Zipper feature slightly north of the geometric centerline.  Maximum flow rates 
increase directly upstream along, and slightly south, of this heavily-crevassed area 
in the center of the ice stream (2.5 km transect:  6.2 km/yr; 5.0 km transect:  6.3 
km/yr, 7.5 km transect: 6.5 km/yr; 10 km transect:  6.8 km/yr).  In these transects, 
peak velocities are evident along a defined area in the steam width, with slower 
velocities evident towards the margins, although notably, the 2.5 km transect has a 
wider distribution of peak velocities. 
 
 
Figure 20:  Highlighted cross-sectional velocity transects (2.5 – 10.0 km, 2.5 km increments, white) 
used in Figure 19.  Landsat 5 TM imagery of Jakobshavn Isbrae, September 1987. 
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Figure 21 shows the main stream cross-sectional velocities at 12.5 km (6.2 
km/yr max.); 15.0 km (5.6 km/yr max.); 17.5 km (4.4 km/yr max.); and 20.0 km, with 
transects highlighted on visual satellite imagery.  After the peak velocity outside 
the immediate calving front occurs at approximately 10 km upstream, the well-
defined primary width of the fast moving ice stream slightly shifts orientation (E-W 
to ESE-WNW) and narrows. 
 
 
Figure 21:  Highlighted cross-sectional velocity transects (12.5 – 20.0 km, 2.5 km increments, white) 
used in Figure 22.  Landsat 5 TM imagery of Jakobshavn Isbrae, September 1987. 
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  As shown in Figure 22, here, the cross-sectional flows are nearly 
symmetrical and with similar structure.  This is an area of steady flow, with 
decreasing velocities moving upstream without major fluctuations in velocity 
structure.  The rear grounding line is located at approximately 15.0 km.  In the 
proximity of the 17.5 km and 20.0 km upstream transect, the narrow portion of the 
fast-moving stream ice stream convergences with southeastern flow from the ice 
sheet.   
 
The slight shift in maximum surface velocities by transect, as visualized in 
Figure 22 (from 1.0 to 2.0 km stream width locations upstream), is not as drastic as 
it appears on the plot.  It mainly reflects (1), the 12.5 km and 15.0 km transects are 
at, or west of, the rear grounding line, (2), a change in flow orientation throughout 
this transect collection, and (3), the narrowing of the region of fast-flowing ice. 
Especially in these transects of slightly varying widths, the approximate stream 
width distances on the X-axis, ranging from 2.0-3.0 km, can be seen as relative, not 
absolute, markers.  The overall flow structure in these transects is visually evident. 
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Figure 22:  Cross-sectional velocity transects:  12.5 – 20.0 km upstream from September 
1987 calving front.  Measured as approximate stream width at Jakobshavn Isbrae (N-S), see Figure 
21. 
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Figure 23:  Highlighted cross-sectional velocity transects (22.5 – 30.0 km, 2.5 km increments, white) 
used in Figure 24.  Landsat 5 TM imagery of Jakobshavn Isbrae, September 1987. 
 
Between 22.5 - 30.0 km upstream, the cross-sectional transects illustrate the 
slow decline in velocities further upstream, with maximum cross-sectional velocities 
at identical locations. The 1.0 km difference in location of maximum surface velocity 
at 22.5 km transect illustrates the change in orientation to ENE-WSW flow.   There 
is a minor fluctuation in velocities in the 22.5 – 27.0 km transect locations, with a 
more rapid decrease at 30.0 km upstream.  This pre-acceleration velocity structure 
is confirmed in the literature (Rignot and Kanagaratnam, 2006).  Figure 24 shows 
main stream cross-sectional velocities at 22.5 km (3.7 km/yr max.); 25.0 km (3.9 
km/yr max.), 27.5 km (3.4 km/yr max.), and 30.0 km (1.9 km/yr max.), with 
transects highlighted on visual satellite imagery in Figure 23.   
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Figure 24:  Cross-sectional velocity transects:  22.5 – 30.0 km upstream from September 1987 
calving front.  Measured as approximate stream width at Jakobshavn Isbrae (N-S), see Figure 23. 
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3.2 Jakobshavn Isbrae Acceleration:  2002 
 
3.2.1 Velocity and Frontal Retreat Data Sources and Approach 
 
Surface ice flow velocities were estimated using the automated IMCORR 
RIFT algorithm, using Landsat 7 ETM+ panchromatic image pairs at 15 m 
resolution:  March 04, 2002 and April 05, 2002 (see Figure 25).   Imagery was 
selected due to high spatial resolution, complete view of ice stream terminus, low 
temporal difference between sets of imagery, and relative cloud-free state.  
Additionally, Joughin et al (2004) note the trend of increasing surface ice flow 
velocities increased into the 2002 summer and through the spring 2003.   
 
3.2.2 March - April 2002 Velocities 
 
From March 04, 2002 to April 05, 2002, peak surface ice flow velocities near 
the terminus of the ice stream, within approximately 2.0 km, averaged 10.90 km/yr.  
Maximum velocities were along the southern side of the main stream, in a southern 
location roughly equivalent of the northern Zipper.  Upstream approximately 12.5 
km, peak velocities ranged from approximately 10.4 – 10.9 km/yr.  Figure 25 
illustrates the March 04, 2002 image scene, with the along-flow transect showing 
peak velocities. 
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Figure 25:  Highlighted along-flow maximum surface ice velocity transect (2.0 – 15.0 km).  Landsat 7 
ETM+ imagery of Jakobshavn Isbrae, March 2002. 
 
Joughin et al. (2004) conducted a study, now commonly-referenced, to 
measure surface ice flow velocity between 1992 and 2003 via remote sensing data.  
Results indicated an increase in ice flow velocity over time:  9.4 km/yr in 2000, 10.0 
km/yr in June-July, 2001, 11.9 km/yr in the summer of 2002, and 12.6 km/yr 
through the spring 2003.  Results from this thesis study of 10.9 km/yr near the 
center line along the calving front, to approximately 9.5 to 10.0 km/yr 10.0-15.0 km 
upstream, are consistent with previously reported surface ice velocities for the time 
period.  Additionally, these consistent surface velocities, as a function of distance 
from the calving front, are consistent with previous research (Joughin et al. 2004, 
Korona 2009) showing consistently identical velocities upwards of a maximum 15.0 
km along the center line, only then declining more significantly.  Additionally, the 
2.5 km 
N 
80 
 
 
cross-sectional nature of the velocity regime shows an asymmetrical peak velocity 
distribution towards the southern area of the main ice stream. As the floating 
portion of the ice tongue began to undergo significant rifting and loss of resistance 
provided by the lateral margins, especially the northern margin in the 2002 
imagery, peak velocities were more widely dispersed from the centerline of 
maximum velocities (see transect of peak velocities, Figure 25).  Near-frontal 
velocities only varied by 0.5 – 1.0 km/yr, with most point velocities greater than 10.0 
km/yr. 
 
The velocity structure shown in Figure 26, showing surface ice velocity 
(km/yr) along the line of maximum velocities of the ice stream within 2.0 km from 
the calving front to approximately 15.0 km upstream, is consistent with 2000 and 
2004 Jakobshavn Isbrae data presented by Rignot and Kanagaratnam (2006), 
especially with the transition from the “u-shape” velocity regime 15.0 km upstream 
evident in the pre-acceleration conditions to the acceleration velocity structure of 
relatively similar surface velocities near the terminus.   
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Figure 26:  Highlighted along-flow maximum surface ice velocity transect (2.0 – 15.0 km).  Landsat 7 
ETM+ imagery of Jakobshavn Isbrae, March 2002. 
 
 
The easternmost 4 km of the March 2002 imagery did not produce sufficient 
low-error correlation, or displacement, results due to the presence of low-level 
clouds along the ice stream in the 04/05/02 imagery   Specific to error, overall to 475 
data points, the results indicated that the median pixel error in displacement 
results was approximately 2 meters, or 0.13 pixels 
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With respect to the northern tributary of the ice stream converging with the 
main ice stream at the terminus, surface ice velocities range from approximately 
2.0-3.5 km/yr on the eastern section of the stream adjacent to the icefall.  
 
In summary, surface ice velocities during March and April 2002 were 10.90 
km/yr near the front, and maximum velocities upstream to 15.0 km were found 
along the southern portion of the main stream.  Joughin et al (2004) noted velocities 
of 11.9 km/yr in the summer of 2002; these results would appear fairly consistent, 
especially under the assumption of an increase in velocity between the spring and 
summer of 2002 and acknowledging near-frontal lower threshold correlation 
strength results (excluded from analysis) indicating 11.1 km/yr. 
 
3.2.3 Calving Front Dynamics:  2000-2003 
  
During the 2000-onwards acceleration, Jakobshavn Isbrae also experienced 
dynamic changes and retreat of the calving front.  From 1851 to 1953, the calving 
front retreated approximately 22-26 km.  The calving front remained situated 
within a 2.5 km wide zone from approximately 1960 to the 1990’s).  A shift in this 
pattern occurred in late 2000, when the onset of retreat of the floating ice portion of 
the ice stream resulted in a rapid disintegration of this area by May 2003.   Deep 
longitudinal crevassing in the ice stream near the fjord’s northern wall, 
approximately 2.0 km south of the eastern end of the icefjord, became visibly 
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apparent in the May 21, 2000 imagery, with two larger, wide crevasses forming by 
the September 13, 2002.  The rifts and deep crevasses were oriented northwest-
southeast.   
 
The rifting in this location became more prominent, with significant rifting 
and propagation of weaknesses in the ice, by October 17, 2000.  These rifts may 
have reduced lateral resistance along the northern wall of the icefjord, thus, 
initiating a speed-up in eastward retreat.   
 
By 2002, a vast portion of the floating tongue of the ice stream had 
disintegrated, with weaknesses visible from the margin of the ice stream to near the 
center line.   From March 28, 2002 to May 17, 2003, the calving front retreated 
approximately 10.0 km.  In May 2003, two distinct calving fronts are visible, from 
the northern sub-stream and the main ice stream.  At this point, the calving front of 
the northern sub-stream was approximately 5.1 km wide.   
 
Dynamics during 2000 primarily show the formation and propagation of large 
rifts and weakness in the ice stream, mainly along the icefjord’s northern wall and 
the base of the northern branch that converges with the main ice stream.  Thomas 
et al. (2003) hypothesize that this physical change was due to sufficient thinning of 
the grounded ice (in this region) to achieve flotation. Joughin et al. (2008) imply 
that the rifts began as basal rifts, which propagated to the surface when the ice 
achieved floatation.  The rifts, potentially resulting from the onset of acceleration, 
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likely weakened the then-floating ice tongue, whereby providing diminished 
resistance to flow along the north side of the stream.  The rifts and propagation of 
weakness in the ice are clearly visible in imagery from the time period. 
 
Calving front dynamics during 2002 consist of significant retreat of the 
calving front, weaknesses in the ice along the northern margin of ice stream (rifts 
up to 5.5 km long), weaknesses along the southern margin and into the stream near 
the center line, and disintegration of the floating ice tongue.  From May 2002 and 
2003, the ice stream lost over 65 km2 of surface ice area (lower-bound estimate). 
 
Through May 2003, the terminus of the main ice stream and the northern 
branch had undergone severe disintegration and collapse.  From May 2002 to May 
2003, the calving front retreated approximately 10.0 km.  The calving front of the 
northern branch of ice stream was 5.0-6.0 km in May 2003.  
 
3.2.4 Summary Discussion 
 
Surface ice flow velocities derived from automated IMCORR feature tracking 
techniques were successful in confirming previous research during the study period, 
reflecting the spatial distribution of velocities along the terminus of the ice stream 
and further inland.  Contrast enhancements and high pass filtering were successful 
in defining small-scale surface features and reducing brightness variations due to 
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large-scale topographic features.  This improved displacement results via the 
IMCORR RIFT algorithm.   
 
One of the techniques described in the literature, principal component 
analysis (PCA), was not utilized in this analysis - mainly due to the overall use of 
panchromatic (single-band) imagery at 15 m resolution.  PCA is mainly used to 
minimize correlation between spectral bands and to extract features and 
information that are not apparent in the original data.  In this research, 
experiments with PCA on VNIR imagery produced thought-provoking results that 
may be explored in future work.  The first principal component image (PC1) of the 
western end of the ice stream was characterized by a heavily crevassed surface, 
while the second principal component image (PC2) produced features, such as ice 
flow lines, that were not easily discernible in the original imagery.   This was 
especially valid for areas upstream from the calving front, such a convergence zone 
between a smaller southern branch and the main ice stream flowing from the east. 
  
Specifications to the adjustable input parameters for IMCORR made an 
impact on results.  During experimentation and trial algorithm runs, specifying a 
larger search chip size improved results (128 pixel square).  Also, specifying an 
offset relative to half the expected displacement improved results significantly.  
Relatively basic ENVI commands such as region of interest and measurement tool 
were used to provide rough estimates of areas of ice loss. 
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Jakobshavn Isbrae is characterized by dynamic distribution of ice flow 
velocities and flow regimes.  Surface velocities can vary within short proximities, 
such as at the margins of faster flowing topographically routed ice and slower ice 
regions to the north and south of the main ice stream.   
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3.3 Helheim Glacier Acceleration:  2002-2005 
 
3.3.1 Velocity and Frontal Retreat Data Sources and Approach 
 
Surface ice flow velocities and information on calving front dynamics during 
the recent acceleration on Helheim Glacier were mainly sourced from three recent 
studies:  Howat et al. (2005), “Rapid retreat and acceleration of Helheim Glacier, 
east Greenland”, Rignot and Kanagaratnam (2006) “Changes in the velocity 
structure of the Greenland Ice Sheet”, and Joughin et al. (2008a), “Ice-front 
variation and tidewater behavior on Helheim and Kangerdlugssuaq Glaciers, 
Greenland”.   
 
In the main study, Howat et al. (2005), centerline surface ice velocities were 
derived via speckle tracking techniques on RADARSAT imagery (24-day time 
period) in 2000, while 2003-2005 surface ice velocities were estimated via the 
standard RIFT automated technique, IMCORR, on ASTER image pairs.  This 
approach is discussed in previous chapters.  The study also noted the limitations of 
the standard RIFT algorithm, with fewer derived velocity estimates greater than 35 
km from calving front due to (1), the presence of cloud cover in the image pairs, and 
(2), difficulty in obtaining velocities along the outlet glacier margins due to inability 
of the standard RIFT tracking algorithm to resolve strong rotational, non-linear, 
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motion.  In general, the centerline surface ice velocity was estimated from the upper 
end of northern tributary, along the center flow line, to the calving front.   
 
Relatively basic ENVI commands and image overlays were used to estimate 
tributary stream width, calving front retreat, and point estimates of velocity for 
verification of reported centerline velocities and flow dynamics along the margins 
within 15.0 km upstream.  This approach used here, while not based entirely on 
manual or automated techniques, is consistent with a utilization of a portfolio of 
data sources:  surface ice velocity estimates derived from manual feature tracking, 
surface ice velocity estimates derived from automated feature tracking, and surface 
ice velocity estimates more completely extracted from the available literature or 
research.   
 
3.3.2 Surface Ice Velocity and Frontal Position Changes During 
Acceleration 
 
In general, Helheim Glacier experienced two major periods of acceleration 
between 2000 and 2005 – a summer speed-up in 2003 and another marked 
acceleration between observations taken in 2004 and 2005.  From 2000-2005, peak 
centerline surface ice velocities increased from approximately 8.0 km/yr near the 
calving front and a stable 5.5 to 4.0 km/yr surface ice velocity between 15.0 and 40.0 
km from the calving front, respectively; to conditions in 2005 of 11.0 km/yr velocities 
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in the vicinity of the calving front to 8.0 km/yr at a point 15.0 km from the front. 
These rapid accelerations coincided with a 7.5 km retreat of the calving front from 
2000-2005 (Howat et al. 2008). 
 
In 2000, pre-acceleration conditions were seemingly stable:  an approximate 
peak speed of 8.0 km/yr within 5.0 km of the calving front, decreasing quickly over 
10.0 km upstream to between 5.0 – 6.0 km/yr, with a slow decay in velocity speeds 
to a stable 4 km/yr roughly 40.0 km from the 2000 calving front (Howat et al. 2005). 
Figure 24 shows upstream conditions, the tributary convergence zone, and ice 
stream terminus in 2000. 
 
 The first noted acceleration occurred in 2003, as estimates derived from 
RADARSAT and ASTER image pairs in 2000 and 2003, respectively, illustrate an 
approximate increase in centerline surface ice velocity of 2.5 km/yr.  This increase 
extended approximately 20.0 km upstream.  Additionally, the calving front 
retreated approximately 2.8 in between 2000 and 2003 (Howat et al. 2005), with an 
approximate retreat of 2.5 km between 08/15/2000 and 08/05/2002.  While limited 
by temporal resolution, changes to the calving front between 2000 and 2001 were 
minimal:  analysis of imagery from 2001 show a slight increase in the southern 
portion of the front, while a minimal retreat occurred north of the centerline along 
the front.  The first major calving front retreat occurred in 2002, shown in Figure 
25, illustrating the frontal positions of the 2001 and 2002 front.   
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 Centerline surface ice velocities in 2003 increased from 2000 and also showed 
an intra-seasonal acceleration between June/July and July/August 2003.  In 2003, 
near calving front centerline surface ice velocities were between 9.5 - 10.0 km/yr.  
Between June and August of 2003, centerline velocities were consistent at a point 
roughly 10.0 km from the calving front, although from the front to 10 km these 
velocities diverged during that time period, showing increases in speed by roughly 
0.50 km/yr in two months (Howat et al. 2005). 
 
Velocities in 2004 show similarities to August 2003, although 7.5 km from the 
calving front there began a divergence from the 2003 figures of approximately a 
0.50 km/yr increase.  Thus, while the calving front vicinity velocities were relatively 
stable, modest increases occurred upstream.  While 2004 was relatively stable, 
another increase in velocities occurred between observations taken in 2004 and 
2005.  The 2005 dynamic changes were characterized by a significant frontal retreat 
from the 2004 position, but also intra-seasonal retreat (between 3.0 – 4.0 km), 11.0 
km/yr velocities at the terminus (roughly 1.0 – 2.0 km/yr increase from the first 
acceleration), and 2.0 km/yr acceleration up to 10.0 km upstream (Joughin et al 
2008a).    
 
In general, the Helheim Glacier acceleration can be described as a dramatic 
7.5 km frontal retreat (Figure 26(a-c)), relatively well-distributed, approximately 
3.0 km/yr increase in surface ice velocities along the center line:  increases from 8.0 
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– 11.0 km/yr near front; increases from 5.0 - 8.0 km/yr upstream.   Velocity 
distribution is also reflected in Rignot and Kanagaratnam (2006).  Joughin et al. 
(2008a) note that, by 2006, the frontal position advanced and shifted towards the 
spring 2003 frontal position.   
 
3.3.3 Discussion 
 
Helheim Glacier, while a marine-terminating fast-flowing outlet glacier, is 
not exactly identical to Jakobshavn Isbrae.  It contains some acceleration 
characteristic unique to itself and some changes, or underlying mechanisms, similar 
to Jakobshavn.  There are stabilizing mechanisms found at Helheim Glacier, not 
present at Jakobshavn Isbrae, including strong, lateral resistances to flow and 
basal topography that mitigated acceleration and retreat after dynamic changes up 
to 2005 (Howat et al. 2011).  Although both outlet glaciers experienced acceleration 
following the retreat of the ice front and a somewhat delayed upstream response 
(Joughin et al. 2008a), it was the loss of grounded ice at Helheim and the loss of 
floating ice at Jakobshavn that played a role in the process.   
 
While both glaciers experience stresses near the ice front, it was Jakobshavn 
Isbrae experiencing the extremely deterioration and retreat most visible and 
apparent during the period of acceleration (Howat et. 2005, Joughin et al. 2008a).  
Helheim did experience rapid response to significant rifting events near the calving 
92 
 
 
front though.  For example, in 2004, a one-hundred meter wide rift appeared near 
the front and within three days, the calving front had retreated to that rift position.   
 
The period of acceleration at Helheim Glacier was also noted for frequency of 
seasonally-occurring glacier earthquakes and correlation with calving front retreat. 
During 2002-2005, Helheim Glacier’s calving front incrementally retreated (with 
the exception of the 2005 retreat), which coincided with a period of increased glacial 
earthquakes.  As stated earlier, one hypothesis is that glacial earthquakes resulted 
from imbalances in the calving front dynamics, which in turn caused  basal slip 
along the trunk of the ice stream.  These calving front imbalances include the 
lessening of basal or lateral stresses due to the loss of resistance in these areas 
during calving (Howat et al. 2005, Joughin et al. 2008a).   
 
Additionally, researchers point to Pine Island Glacier (PIG) in Antarctica as a 
similar model to Helheim Glacier’s response to dynamic changes, although Helheim 
Glacier is a much faster-flowing ice stream, shorter in length, with steeper elevation 
gradients functioning to decrease response and up-glacier propagation from calving 
front changes (Howat et al. 2005).   
 
Currently in 2011, the frontal position of Helheim Glacier sits approximately 
4 km to the west of the onset-of-acceleration/2002 calving front. 
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4. Summary Discussion of Multi-Decadal Scale Changes to Surface Ice 
Velocities and Changes to Frontal Positions of Neighboring Outlets 
 
Results from the analysis of September 1987 imagery on Jakobshavn Isbrae 
ice stream indicate a maximum surface velocity (6.8 km/yr) less than 1 km from the 
calving front, with a “u-shape” fluctuation and increase in velocities to 
approximately 10-12.5 km upstream where the surface velocity approaches the 
speed at the calving front.  Surface velocities range between 5.6 – 6.8 km/yr within 
15 km of the front.  These steady velocities from the frontal position are in contrast 
to the dramatic acceleration in the proximity of the terminus in subsequent periods 
of acceleration (Joughin et al. 2004).   
 
This historical velocity regime is mirrored in the reported mid-1990’s 
velocities by Rignot and Kanagaratnam (2006) and fall within the 1985 reported 
velocities of 6.3-6.5 km/yr (Joughin et al. 2004, Korona et al. 2009), although there 
does appear to be a marginal increase in velocities during the study time period.  
The position of the calving front is fairly consistent with imagery as late as 1999.  
This is in contrast to reports of 2002 velocities between 9.5-10.0 km/yr, near the 
same historical position - and 2007 reported velocities ranging from 11.0-15.5 
km/yr.    
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The pre-1990 velocity structure has been significantly altered post-
acceleration; with the pre-1990 velocities extending from the frontal position in 
contrast to the dramatic terminus wide acceleration in the proximity of the 
terminus in subsequent acceleration.  Peak surface velocities in 1987 were 6.8 
km/yr, in 2002 on the onset of acceleration, surface velocities approaches 11.0 
km/yr.  The historical “u-shape” velocity structure extending upstream from the 
front approximately 10.0-15.0 km shifted to a front-wide and upstream extension of 
peak surface ice velocity distribution.  Due to the dynamics changes at Jakobshavn, 
comparing pre-1990 location-specific surface velocities to current conditions can 
only be done at locations in the historical imagery at least 15 km upstream due to 
frontal retreat during the past decade. 
 
 Current, higher resolution imagery could begin to shed light on the projected 
evolution of Jakobshavn Isbrae (see Joughin et al. 2008b, “Continued evolution of 
Jakobshavn Isbrae”), with higher resolution velocity mapping in the higher 
elevation, lateral, slower-moving areas of ice to the north and south of the main ice 
stream.  Additionally, futures changes to the now-distinct northern tributary could 
assist researchers in understanding how other previously merged primary streams 
and secondary tributaries have changed over time.   
 
 To summarize multi-decadal scale surface ice velocity changes at 
Jakobshavn Isbrae, near-terminus velocity increases were approximately 3.0-3.5 
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km/yr between 1987 and 2002.  In 2003, the historical 1987 velocities almost 
doubled to 12.3 km/yr, and in 2007, reported velocities range from 11.0-15.5 km/yr 
near the terminus.  These velocity increases directly coincided with a variety of 
physical processes, including elevational thinning of the ice, changes in the sub-
surface conditions of the glacier (hydrological changes and possibility of ungrounded 
ice on the lateral margins contributing to lateral weakening), and rapid retreat of 
the ice stream terminus.  Comparative transects of cross-sectional flow between 
1987 and 2002 at Jakobshavn Isbrae reveals fundamental structural changes. In 
2002, as evident by the loss in resistance along the lateral margins, there was no 
longer a significant decline in velocities from the centerline track of maximum 
velocities.   
 
 Post-acceleration conditions are not as drastic on Helheim Glacier, with the 
outlet glacier advancing to a present-day, more eastward position in the fjord 
compared to the furthest recession point (2005) during the brief period of 
acceleration.  Compared to the 1987 imagery, the August 2011 glacier front sits 
within 3 km of the August 1987 position.  The 2011 position is around a mid-point 
between the 2004 and 2005 retreats.  Current glacial surface regions are relatively 
similar to the August 1987 imagery, although several changes can be assessed from 
studying the imagery:  one, due to the terminus retreat, there is now larger 
transverse crevassing on the southern portion of the main stream.  
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Additionally, upstream past the convergence zone, the dominant regime of 
longitudinal crevasse remains a constant, although the nature of crevassing 
appears to be more defined, with deeper and longer longitudinal crevasses.  In the 
2011 imagery there appears to be an approximately 0.25 km width-base thinning on 
each of the two smaller tributaries that join the more southern of the two main 
tributaries several kilometers from the front. While experiencing a brief period of 
acceleration, Helheim retains a unique velocity structure, even comparing the 
August 1987 flows to the flows in the mid-2000s.   
 
Regional-scale changes are occurring at nearby outlet glaciers, including 
Midgard Glacier to the east-northeast, and Fenris Glacier, a smaller ice stream 
directly to the east of Helheim Glacier.  Midgard Glacier has recently attracted 
more research attention with observed retreat.  This retreat is especially evident in 
comparisons with the pre-1990 historical imagery.  
 
Directly to the east of Helheim Glacier is Fenris Glacier, a very narrow, 2.5 
km-wide outlet emptying into Sermilik fjord.  As of August 2011, this glacier has 
retreated approximately 1.75 km up-fjord from its1987 position (see Figure 27).  To 
the east-northeast of Fenris Glacier lies Midgard Glacier.  Since August 1987, 
Midgard Glacier has retreated approximately 11.0 km, where it has now exposed 
two separate tributaries (Figure 28).  The main branch, the western tributary has 
retreated 11 km from its summer 1987 front position – receding back to the 
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convergence zone of two tributaries, and appears to be still floating at the terminus; 
while the eastern, more minor, tributary has retreated about 10.5 km to a position 
where the glacier appears to be grounded without a floating terminus.  It is 
beginning to resemble the terminal flow location, separated by a terrain feature, of 
Sermeq avangnardleq and Sermeq kujatdleq, located north of Jakobshavn Isbrae.   
 
 
Figure 27:  Fenris Glacier (August 2011) overlaid with outline (red) of August 1987 calving front 
location (Landsat 7 ETM+, acquired 08/14/2011). 
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Figure 28:  Midgard Glacier (August 2011) overlaid with outline (red) of August 1987 calving front 
location (Landsat 7 ETM+, acquired 08/14/2011). 
 
Returning to west Greenland, an assessment of change can be accomplished 
through inventory of frontal position changes in the numerous outlets glaciers 
extending over 100.0 km to the north of Jakobshavn Isbrae.  Starting from the 
furthest north, a series of similar outlet glaciers (71° 47′ N, 52° 09’ W), Ingia Isbrae, 
Umiamako Isbrae, and Rink Isbrae have shown some frontal dynamics since the 
1987 imagery acquisition (09/14/1987).  Since 1987, Ingia Isbrae has retreated 3.25 
km; and now is experiencing severe, heavy-crevassing significantly upstream.  
Umiamako Isbrae, similar in orientation to Ingia Isbrae, has retreated 3.50 km 
from the September 1987 position, although its surface velocities are on the lower 
5 km 
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end at less than 0.50 km/y (Rigot and Kanagaratnam 2006).  The 1987 upstream 
location of deeper, transverse rifts now marks the spot of the June 2011 frontal 
location.  Finally, Rink Isbrae has not experienced any retreat and appears to be 
grounded, without a floating terminus, as the shape of the 1987 calving front is 
nearly identical to the current contour.  This glacier is relatively fast flowing, with 
speeds exceeding 2.5 km/yr in 2000 (Rignot and Kanagaratnam 2006).   
 
Further to the south lies the pair of outlet glaciers Sermeq silardleq and 
Kangigdleq (70° 47′ N, 50° 47’ W).  Kangigdleq appears to be grounded, without a 
floating ice tongue, and has not retreated or advanced since the 1987 imagery.  
Conversely, Sermeq silardleq has retreated approximately 3.25 km into the fjord 
between September 1987 and June 2010.  The June 2010 frontal position roughly 
corresponds to the upstream limit of more significant crevassing and rifts in the 
historical imagery.  Store Glacier (70° 23′ N, 50° 34’ W), can be characterized as an 
outlet glacier with an extremely stable front position.  Located to the south of 
Kangigdleq, it has remained in the same front position since the 1987 imagery. 
 
Finally, the set of four glaciers to the north of Jakobshavn Isbrae are 
examined (Figure 31).  Both Sermeq avangnardleq (70° 02′ N, 50° 19’ W), and 
Sermeq kujatdleq (69° 59′ N, 50° 13’ W), (the fastest flowing of these four 
neighboring streams) have neither retreated nor advanced since 1987.  There 
appears to be some 0.25 km variation in frontal position on the western lateral 
margin of Sermeq avangnardleq. The northernmost of the two southern sets of 
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outlet glaciers, Kangilerngata sermia(69° 53′ N, 50° 21’ W),  has retreated 
approximately 2.5 km from the frontal position in September 1987, although given 
its lower velocity it does not seem likely to have a dynamic larger seasonal variation 
in frontal position. Eqip sermia (69° 47′ N, 50° 15’ W), shows slight degradation on 
the lateral portions of the front, although the minor changes appear to be natural 
variance, rather than a specific retreat of the front. 
 
Overall, this study evaluates the historical baseline surface ice velocity data, 
in combination velocity field estimates, qualitative assessment of imagery, and 
published research from select time periods during recent accelerations on 
Jakobshavn Isbrae (2002) and Helheim Glacier (2002-2005) and holistically, enables 
a multi-decadal investigation into physical changes on select outlet glaciers in 
Greenland.   
 
This investigation fills in some of the existing data gaps in the historical 
record of observed surface ice velocities by providing 20.0-30.0 km upstream 
centerline tracks of maximum surface velocity and numerous cross-sectional 
transects of surface velocities across the stream, confirms the general pre-
acceleration velocity structures on Jakobshavn Isbrae and Helheim Glacier, 
illustrates the changes to near-frontal surface velocity fields pre- and during 
acceleration, and documents multi-decadal frontal position changes of  thirteen 
notable outlet glaciers with varying dynamics in western and eastern Greenland.   
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The study serves as confirmatory data on several more widely published 
studies during recent acceleration on Jakobshavn Isbrae and Helheim Glacier, 
while evaluating pre/post acceleration changes to ice velocities and flow regimes 
(e.g., changes on Helheim). 
 
 In summary, this study adopts a classic inventory-based approach and 
documents historical center-line and cross-sectional surface ice velocities through 
the analysis of pre-1990 satellite imagery.  In turn, this study contributes to the 
filling of historical data “gaps” and assists researchers in the cryospheric and 
glaciological sciences in fostering a clearer understanding of the ice stream 
conditions before the onset of significant, observable fluctuations and change.   
 
The addition of this historical dataset and analysis to the published literature 
will facilitate a greater understanding of ice-sheet variability and decadal-scale 
changes in Greenland.  The implications of the Greenland ice sheet to global 
climate, sea level rise, and the environment is highlighted by both the multi- and 
sub-decadal timescale of changes observed on the Jakobshavn Isbrae and Helheim 
Glacier.   
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